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1. Contaminated soils and sediments: a remediation problem  
An unfortunate byproduct of industrialization is been the contamination of soil and 
water resources with heavy metals, metalloids and other harmful substances. Over the 
last decades, awareness of the problem has grown considerably, as has the insight that 
the problem is more widespread than was initially assumed (Ferguson & Kasamas, 
1999). For example, before the implementation of the Flemish Soil Remediation Decree 
in Flanders (Vlarebo, 1995), contaminated sites were estimated to make up for 0.2-0.3% 
of the total area (or 27-40 km2; Flanders total area: 13,522 km2) or less than 2,000 sites 
(Geuzens & Cornelis, 1994). The total number of potentially contaminated risk sites is 
currently estimated at 76,200 sites (Dries et al., 2002). Inventarisation of contaminated 
sites is currently ongoing in Flanders, with approximately 25% of potentially polluted 
risk sites evaluated. Pollution has been confirmed in approximately 14,671 sites (78% 
of evaluated sites), corresponding with 361 km2 or 3.9% of the total surface area 
(Ceenaeme et al., 2004).  
 
Conventional soil remediation techniques fall short of expectation to tackle the 
overwhelming task at hand due to their high cost: engineering techniques cost between 
€40 - €400 per m3 of soil treated (Cunningham & Ow, 1996). In Flanders (Belgium, 
Europe) average soil remediation costs are estimated at €310 per ton (based on De 
Naeyer, 2000). The estimated total cost for remediation of historically polluted soils is 
estimated at 7 billion euro (Ecolas, 2001). In Europe, overall cleanup costs for historic 
pollution are estimated to run into the 100 billion euro range (Glass, 1999; Ferguson & 
Kasamas, 1999). Budget estimates for soil remediation generally exclude the necessity 
to remediate light to moderately contaminated sites due to low priority and already high 
cost involved in cleaning the heavily polluted sites. In Switzerland for example only 
3,500 out of 50,000 polluted sites qualify for remediation (Wenger & Ziegler, 1999); in 
Italy 1,570 out of 9,000 polluted sites will be remediated on short to medium term 
(Quercia, 1999); in Norway the respective figures are 714 sites out of 3,359 (Glass, 
1999) and so on. Furthermore, soil contamination is not a static, historic problem. 
Despite increasing precautions, human activity will continue to generate pollution both 
on a systematic basis (e.g. atmospheric deposition, on-land disposal of contaminated 
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dredged sediments, overbank sedimentation zones…) or caused by specific disasters 
(e.g. Aznalcollar, Spain).  
 
Dredging activities systematically generate large quantities of contaminated sediments 
requiring on-land disposal. Massive amounts of sediments are dredged annually from 
Western-European waterways to maintain navigation channels. Land disposal of these 
dredged materials may affect the surrounding environment due to the presence of 
harmful constituents such as organic compounds and heavy metals (Singh et al., 1998a). 
Flemish waterways require dredging to (i) maintain their nautical capacity and/or (ii) to 
remediate polluted underwater soil ecosystems. The total mass of sediments settling 
each year in these waterways amounts to 1.4 106 t dry weight requiring efficient 
removal (OVAM, 2003). The historical backlog of dredging activities in Flanders, also 
requiring attention in the near future, is estimated at an additional 23.6 106 t dry weight 
(OVAM, 2003). Only 7% of the underwater soils in Flanders are considered to be 
unpolluted (Maeckelberghe et al., 2001). As a consequence, waterway sediments in 
many cases require further handling after dredging. One of the most common practices 
for these sediments to date is land disposal. However, this is an unsustainable approach 
and more adequate strategies are required. Studies by Vandecasteele et al. (2002a, 2003) 
mapped more than 425 ha of historically contaminated areas along the rivers Leie and 
Scheldt, polluted with one or more metals due to historical dredging activities. 
Particularly Cd, Zn, Pb and Cr are of concern, while Cu is a minor contaminant and Ni 
is of less environmental concern. In 72% of the polluted samples, Cd, Cr and Zn 
exceeded legal criteria for agricultural use (Vandecasteele, 2004). Finally, overbank 
sedimentation zones along major waterways are also historically contaminated with 
elevated levels of heavy metals.  
 
Phytoremediation has been proposed as an economic alternative for some of the 
environmental issues involved in heavy metal pollution. Phytoextraction is a plant based 
technique aimed at removing inorganic contaminants from the soil matrix by plant 
absorption and translocation to harvestable plant parts. As a soil remediation technique, 
it offers the following advantages over conventional remediation techniques: as an in 
situ technique, it is less invasive and more economic than civil-engineering earth 
moving techniques. Also, it can be applied over extended surface areas and targets the 
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“bioavailable” soil fraction of heavy metals, which is the most relevant fraction from an 
environmental risk assessment perspective. The most important drawback is the long 
required remediation period (years to decades). The sense of uncertainty in regards to 
system consistency and performance predictability of biological remediation systems 
can also be perceived as a drawback. The use of soil amendments to increase 
accumulation of heavy metals in harvestable plant parts can also increase the risk of 
leaching. In addition, elevated aboveground plant concentrations also run the risk of 
entering the foodchain through herbivory of the phytoextraction crops.  
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2. Aims and scope 
This study evaluates the feasibility and potential of phytoextraction of heavy metals 
(Cd, Cr, Cu, Ni, Pb, Zn) from contaminated soils and sediments in Flanders. In 
particular, oxidized land deposited dredged sediments will be addressed. The current 
research can be subdivided into three parts. 
 
The first part involves the use of chemical assays for assessment of “phytoavailability” 
of heavy metals in the soil. Mild extraction procedures can routinely provide rapid, 
preliminary insights in heavy metal availability in soils and sediments. This insight is 
interest in the current research for two particular reasons:  
(i) “Bioavailability” and/or “mobility” of heavy metals offers more direct 
information on the ecotoxicological risks involved, and can therefore 
function as an initial indicator to assess the remediation requirement;   
(ii) Performance and efficiency of phytoextraction as a remediation 
technique depend on the availability of heavy metals for plant uptake. 
 
The second part examines the use of Short Rotation Coppice (SRC) with willows for 
phytoextraction of heavy metals from oxidized calcareous (sediment derived) soils. The 
use of Salix spp. allows for gradual contaminant removal, while the produced biomass 
can be used for production of renewable energy. This allows for economic valorization 
of contaminated soils during the remediation process. Heavy metal accumulation and 
biomass production have been evaluated in a field experiment and in pot experiments. 
 
The third part evaluates the use of agronomic crop species with high annual biomass 
yield, in which heavy metal accumulation is stimulated by artificially enhancing 
“phytoavailability” in the soil. This is achieved through the use of soil amendments 
such as EDTA, citric acid or EDDS. Heavy metal mobilization in the soil, duration of 
the induced effects and plant by Helianhtus annuus are discussed. Finally, the potential 
of other crop species with high biomass yield (Zea mays, Cannabis sativa, Brassica 
rapa) is evaluated. 
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The following objectives can be distinguished in the current work: 
 
1. To compare 13 commonly used analytical procedures, designed to 
estimate “phytoavailability” of heavy metals in the soil. This 
comparison could help to move towards harmonization of the wide 
range of different procedures currently used in Europe. The 
comparison is performed on 29 soils varying in soil texture and 
contamination level. Extractable levels are correlated to plant 
accumulation by the selected test species (Phaseolus vulgaris). 
2. To provide field validation of the phytoextraction potential of Salix 
spp. for removal of Cd and Zn from moderately contaminated, 
calcareous dredged sediments. To this end, a 0.75 ha field experiment 
was set up on a dredged sediment disposal site. 
3. To provide preliminary estimates of the mass of heavy metals that 
can potentially be extracted per year and per surface area from an 
oxidized alkaline calcareous dredged sediment, moderately 
contaminated with heavy metals. 
4. To screen for Salix species and clones that exhibit the optimal 
biomass accumulation rates in order to optimize phytoextraction 
performance. 
5. To assess the advantages and disadvantages of soil amendments 
applied to the soil to enhance “phytoavailability” of heavy metals 
within the soil matrix. Soil amendments under evaluation are:          
(i) EDTA, (ii) citric acid and (iii) EDDS. 
6. To evaluate four different agronomic crops with high annual biomass 
yield for their potential to remove heavy metals by (enhanced) 
phytoextraction. These crop species are: Zea mays, Helianthus 
annuus, Cannabis sativa, Brassica rapa. 
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3. Outline of this work 
This work consists of a number of Chapters, which are based on a selection of articles 
published or submitted for publication in international journals.  
 
An overview of past and present research in the field of phytoextraction of heavy metals 
is presented in Chapter 2. The literature review briefly discusses the relevant legal 
criteria for heavy metals in Flanders, and further contains a general introduction to 
phytoremediation with elaborations on phytoextraction. Background is also provided on 
“phytoavailability”of heavy metals in the soil and on the use of soil amendments which 
could enhance shoot accumulation of heavy metals.  
 
Chapter 3 is a methodological elaboration on chemical assays designed to assess heavy 
metal “phytoavailability” by means of soil extractions. A wide variety of such assays 
are currently being used within the scientific community. They are either used in the 
context of evaluating the nutritive state of micronutrients, such as Cu and Zn, or to 
assess environmental risks related to the presence of heavy metals in soils and 
sediments. However, they could also be employed as preliminary predictive tools in 
phytoextraction techniques to model potential plant removal based on anticipated yield 
and heavy metal accumulation. An overview on some of the most commonly used 
procedures is presented in this Chapter. A comparison was made for Cd, Cu, Ni, Pb and 
Zn between 13 single extraction protocols, performed on 29 soils with varying physico-
chemical characteristics and degree of pollution. The extractable levels of heavy metals 
were correlated to shoot concentrations in a selected test species (Phaseolus vulgaris) 
for additional insight in “phytoavailability” assessment. 
 
Two phytoextraction strategies were explored in this work. First, the use of tree species 
for extraction of heavy metals was assessed in a field-scale experiment as well as in pot 
experiments. Chapter 4 presents the results obtained from the field study performed on 
the dredged sediment disposal site at Wervik. At this site, 0.75 ha were planted with 
Salix spp. by using the SALIMAT technique. Geographical distribution of heavy metal 
pollution as induced by the manner of sediment introduction into the disposal site, 
nutritional state of the substrate and estimated mass balances for annual extraction rates 
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of heavy metals from the substrate by Salix spp. are discussed. Screening for better 
performing willow species and clones allows to further enhance the extraction 
efficiency. Chapter 5 contains a screening of five willow species in order to optimise 
the metal accumulation potential by selection of the best performing species and clones. 
 
A second approach evaluated in this work, is the use of agronomic crop species in 
combination with soil amendments to enhance shoot accumulation of heavy metals. The 
findings of this particular research are presented in Chapters 6-8. Criteria used for the 
assessment of soil amendments in this study are (i) the ability to mobilize heavy metals 
within the rhizosphere, (ii) a sufficiently short environmental half-life to avoid post-
harvest leaching of mobilized metals and (iii) the capacity to induce a higher degree of 
uptake and translocation by the test plant. Chapter 6 compares citric acid with EDTA 
as potential soil amendments for induced uptake by Helianthus annuus. Chapter 7 
compares EDDS with EDTA in the same regard. Chapter 8 evaluates the potential of 
four agronomic species, with or without the use of chelating agents. The species under 
evaluation are Helianthus annuus, Zea mays, Cannabis sativa and Brassica rapa. 
 
Finally, Chapter 9 finally presents the general discussion, conclusions and future 
perspectives. Insights from the previous Chapters are combined to discuss the feasibility 
of phytoextraction of heavy metals from land disposed contaminated dredged sediments 
in Flanders.  
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1. Contamination of soils and sediments with heavy metals 
1.1. Current situation in Flanders 
Soils contaminated with heavy metals can pose a considerable health threat for both 
man and his environment. Therefore, soil contamination requires an efficient and 
economic technological solution. Current technologies for remediation are based either 
on excavation or capping a contaminated site, with costs which can run up to 2 – 25 
million euros per hectare (Raskin & Ensley, 2000). Considering the astronomical costs 
involved, the Flemish government has projected a period of 40 years (until 2036) for the 
remediation of priority historical soil pollutions (De Naeyer, 2000). During the first four 
years following the activation of the Flemish Soil Sanitation Decree (Vlarebo, 1996), 
the total mass of remediated soil amounted to 674,000 t, with a total cost of 207 million 
euro (De Naeyer, 2000). Averaged over all remediation projects, this implies a mean 
cost of 310 euro per ton. This corresponds with a cost of about 1.1 million euro per 
hectare for sites in which only the top soil layer (25 cm) is remediated. In the period 
1996-2000, slightly more than 11,000 risk sites were investigated, which constitutes for 
about 15% of the expected total (Ceenaeme et al., 2001). The total surface area of 
contaminated soils observed in these evaluations, amounted up to 20,000 ha, of which 
72% was contaminated with heavy metals (Nouwen et al., 2001). The confirmed 
acreage of contaminated soil then made up for 1.4% of the total surface area in 
Flanders. This percentage was expected to increase further, considering that only 15% 
of the risk sites had been investigated at that time. The fraction of initiated and 
effectively finished soil remediation projects in 2000 were respectively 2-3% and 0.5-
0.6% of the total estimated area requiring soil remediation (Ceenaeme et al., 2001). The 
estimated total cost for remediation of historically polluted soils is estimated at 7 billion 
euro (Ecolas, 2001). Summarizing this means that in 10% of the projected timespan (4 
out of 40 years), 3% of the expected cost was spent on actual remediation of 0.5-0.6% 
of the expected total surface area requiring a soil remediation project.  
 
Recent reports indicate that evaluation of 25% of the risk sites has resulted in the 
confirmation of actual pollution in 78% of the cases, corresponding with 3.9% of total 
surface area in Flanders (Ceenaeme et al., 2004), as opposed to 1.4% after 15% 
evaluated in 2001 (Ceenaeme et al., 2001).  
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 In addition to historic pollution, Flanders is also confronted with systematic and 
accidental soil contaminations. The annual deposition of sediments in our waterways 
requiring removal for nautical or maintenance purposes is estimated at 1,4 million t dry 
weight (De Cooman et al., 2004), which is more than double the amount of upland soils 
remediated during the first four years of Vlarebo. Only 6-7% of the underwater soils in 
Flanders are considered not to be contaminated (Maeckelberghe et al., 2001; De 
Cooman et al., 2004). Evaluation of the state of underwater soils in Flanders is reflected 
in Fig. 2.1. Considering the general level of contamination of our waterways, dredged 
sediments cannot automatically be regarded as usable soil substrate (Van Der Burgt, 
1994). The legal criteria, in regards with sediment composition, for reuse as soil are 
discussed in Section 1.2.3. of this Chapter. An expansion of the dredging activities is 
expected in the future, by extending to sediment removal for environmental sanitation 
purposes, in addition to hydrological purposes. Furthermore, in Flanders there is 
currently a historical back-log on dredging activities for an estimated mass of 23.6 
million t dry weight of sediments, the majority of which is considered to be polluted 
(De Cooman et al., 2004). Vandecasteele (2004) mapped the total surface area of soil 
polluted by historic dredging activities at 450 ha along the rivers Scheldt and Leie.  
 
 
 
 
 
 
 
 
 
Fig. 2.1. Pollution state of underwater sediments in Flanders (De Cooman et al., 2004) 
 
1.2. Legal framework in Flanders 
1.2.1. Background reference levels 
Background reference levels are total concentrations of metals in soils which are not 
affected by human activities. Backgrounds reference levels for a standard soil 
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containing 2% organic matter and 10% clay have been set to 19 mg.kg-1 for As, 0.8 
mg.kg-1 for Cd, 37 mg.kg-1 for Cr (III), 17 mg.kg-1 for Cu, 0.55 mg.kg-1 for Hg, 40 
mg.kg-1 for Pb, 9 mg.kg-1 for Ni and 62 mg.kg-1 for Zn (Tack et al., 1997; Tack et al., 
2005). These levels are to be adapted to the soil specific composition in regards with 
clay and organic matter content by using the following formula (Eq. 2.1.; Vlarebo, 
1996). Maximum levels for clay and organic matter for the purposes of this calculation 
are 50% and 10% respectively. In case of higher measured levels, these maximum 
percentages are used. 
 
          (Eq. 2.1.) 
 
With  N (x,y) = Levels (mg.kg-1) in the soil  
    x = clay content (%) (= 10 for standard soil) 
    y = organic matter content (%) (= 2 for standard soil) 
    A, B, C = metal specific coefficients (cfr. Table 2.1.) 
 
 
Table 2.1. Metal specific correction coefficients to be used in Eq. 2.1. for determination 
of soil specific background levels 
 
 
 
 
 
 
 
Table 2.2. presents background reference levels for groundwater (Vlarebo, 1996) as 
well as ranges for soil solution concentrations of heavy metals in uncontaminated 
reference soils (Wolt, 1994; Kabata-Pendias, 2004; this study). 
 
 
 
 
 
N (x,y) = N(10, 2) . A + B . x + C . y 
A + B . 10 + C . 2 
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Ground Soil Soil Soil
water solution solution solution
µg.l
-1
µg.l
-1
µg.l
-1
µg.l
-1
Vlarebo, 1995 Kabata-Pendias, 2004 Wolt, 1994 This study
1
Cd 1 0.01 − 5 4.5 0.3 − 14 (2.9)
Cu 10 0.5 − 135 63.6 11 − 177 (55)
Cr 20 0.4 − 29 0.5 0.4 − 54 (8.5)
Ni 10 3 − 150 10 5.6 − 62 (16.7)
Pb 5 0.6 − 63 1 0.08 − 27.5 (4.5)
Zn 60 1 − 750 5.2 3.6 − 1132 (276)
1 Observed range, value between brackets is average observed value
Table 2.2. Background reference levels for groundwater (Vlarebo, 1996) as well as 
ranges for soil solution concentrations of heavy metals in uncontaminated reference 
soils (Wolt, 1994; Kabata-Pendias, 2004; this study) 
 
 
 
 
 
 
 
 
1.2.2. Soil remediation criteria 
Concentrations in the soil and groundwater requiring remediation are presented in Table 
2.3. As for the background levels, soil remediation criteria depend on the site specific 
organic matter and clay content. Soil/sediment specific criteria based on the soil 
composition are calculated by using Eq. 2.1. Legal criteria have also been developed for 
organic pollutants, yet fall outside the scope of this study. A distinction is made in 
historical (before Vlarebo, 1996) and recent pollutions (since Vlarebo, 1996): for 
historical pollutions, remediation is only mandatory when pollution is assessed to form 
a serious threat to the environment. 
 
 
Table 2.3. Concentrations of heavy metals requiring remediation for (A) Soil 
(dependent on land use), (B) Groundwater (Vlarebo, 1996) 
 
 
 
 
 
 
 
 
 
                    I Nature, II Agriculture, III Residential, IV Recreational, V Industry 
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As Cd Cr Cu Hg Pb Ni Zn
I 19 0.8 37 17 0.55 40 9 62
II, III, IV, V 27 1.2 78 109 1.5 120 55 300
1.2.3. Criteria for reuse of dredged sediments as soil 
The soils used in this study are mostly dredged sediment derived surface soils. In order 
to be land deposited and re-used as soil substrate, dredged sediments must be in 
agreement with a different set of quality criteria than this presented in 1.2.2. These 
criteria reflect the maximum allowable levels of organic and inorganic pollutants in 
sediments to be used as soil substrate. The corresponding maximum concentrations of 
heavy metals are presented in Table 2.4. (organic pollutants fall outside the scope of this 
research). Again, as was the case for background reference levels and soil remediation 
criteria, these levels need to be corrected for sediment specific clay and organic matter 
content by using Eq. 2.1. 
Dredged sediment derived surface soils dating from before enactement of Vlarebo 
(1996) are considered as historical pollutions. Remediation of these is only mandatory 
when pollution is assessed to form a serious threat to the environment. The Vlarea 
legislation is relevant for new dredged sediment disposal sites, the Vlarebo legislation is 
relevant for historical contamination with dredged sediments. 
 
 
Table 2.4. Maximum allowable concentrations of dredged sediments (mg.kg-1) for 
deposition on land and re-use as soil substrate (land use specific) (Vlarea, 1998) 
 
 
I Nature, II Agriculture, III Residential, IV Recreational, V Industry 
 
 
1.2.4. Actualisation legal framework 
Both legislations (Vlarea and Vlarebo) have been harmonised in 2003-2004. The criteria 
for reuse of dredged sediments (Vlarea, 1998) have been adopted in the actualised soil 
legislation (Vlarebo, 1996). These legislative adaptations have been performed in 
5/12/2003 for Vlarebo and 23/4/2004 for Vlarea, without alterations to the statutory 
criteria as described in 1.2.2. and 1.2.3. 
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2. General introduction to phytoremediation 
2.1. General  
Phytoremediation, the use of plants to remediate environmental media, is being pursued 
as a new approach for the cleanup of contaminated soils, water and ambient air. In a 
broader sense, it also includes the use of constructed wetlands for treatment of domestic 
wastewaters and the application of plant-assisted bioremediation of organic pollutants. 
Phytoremediation is regarded as a non-intrusive, inexpensive means for remediating 
extended areas of land (Wiltse et al., 1998). 
 
2.2.2. Phytoremediation techniques 
2.2.1. Soil remediation 
The following soil treatment techniques can be distinguished in phytoremediation. 
 
Phytotransformation (Fig. 2.2.) is defined as the breakdown of contaminants taken up 
by plants through metabolic processes within the plant, or the breakdown of 
contaminants external to the plant through the effect of compounds (e.g. enzymes) 
produced by the plant (EPA, 2000). Plant driven degradation of organic substances in 
the rhizosphere is also referred to as phytodegradation. The technique is applicable for 
a wide range of pesticides for which certain plant species have developed protective 
strategies by degrading these toxic substances either by release of enzymes (Carreira, 
1996) or by metabolising them after uptake (Burken & Schnoor, 1997). Other possible 
applications include chlorinated solvents (Newman et al., 1997; Dec & Bollag, 1994), 
ammunition residues (Schnoor et al., 1995; Thompson et al., 1998) and phenols (Dec & 
Bollag, 1994). Research is also conducted in regards with the removal of petroleum 
hydrocarbons, polynuclear hydrocarbons and polychlorinated biphenyls (Ferro et al., 
1994; Alkorta & Garbisu, 2001). Sensu strictu the removal and transformation into 
biomass of nutrients from nitrate and phosphate laden soils can also be mentioned under 
the banner of phytotransformation. 
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Fig. 2.2. Schematic representation of plant-driven phytodegradation of organic 
contaminants: intra- or extracellular plant enzymes can degrade complex 
macromolecules including organic contaminants 
 
 
Phytostimulation (Fig. 2.3.) is the stimulation of microbial and fungal degradation of 
organic pollutants by release of exudates/enzymes into the root zones (Miller, 1996). 
Other workable synonyms include plant-assisted bioremediation, plant-assisted 
degradation, plant aided in situ biodegradation, rhizodegradation or enhanced 
rhizosphere biodegradation (EPA, 2000). Stimulation of microbial processes within the 
rhizosphere, including the biodegradation of organic pollutants, depends largely on 
plant release of root exudates. These exudates include sugars, amino acids, organic 
acids, fatty acids, sterols, growth factors, nucleotides, flavanones, enzymes and other 
compounds (Schnoor et al., 1995). Additionally, the root zone significantly increases 
the surface area to which microorganisms can adhere. Enhanced microbial activity can 
furthermore be enhanced by aeration of the rhizosphere through the roots. 
 
 
 
 
 
 
 
 
Fig. 2.3. Schematic representation of phytostimulation; the release of organic 
substances and oxygen by plant roots stimulates microbial activity in the rhizosphere 
compared to bulk soils; increased microbial activity in turn results in a stimulation of 
natural degradation of organic contaminants 
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Phytostabilization (Fig. 2.4.) is the use of plant species to immobilize contaminants in 
the soil and ground water and reduce their environmental impact and risk of dispersal 
(Bradshaw, 1979; Vangronsveld et al., 1995; Vangronsveld & Cunningham, 1998). It 
involves the adsorption and precipitation of contaminants, principally metals, by plants 
reducing their mobility and preventing their migration to groundwater (leaching) or air 
(wind transport), or entry into the food chain (Miller, 1996). Water percolation through 
the soil is reduced by rainfall interception and plant transpiration, thus limiting leaching 
of contaminants (Vangronsveld et al., 1995).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.4. Principles involved in phytostabilization of contaminated soils and sediments: 
interception by the vegetative cover and intensive evapotranspiration result in reduced 
percolation of water and thus reduced risk for contaminant leaching; root surface and 
elevated organic matter in the top soil layer induce chemical stabilization by adsorption 
or complexation; wind erosion and run-off are reduced by physical stabilization 
 
 
Plants also protect the soil from erosion and prevent off site migration. Stabilization 
also occurs through root-zone microbiology and chemistry and/or alteration of the soil 
environment or contaminant chemistry (EPA, 2000). Chemical processes can include 
absorption and accumulation by the roots, adsorption onto the roots and plant-induced 
chemical changes in the rhizosphere (McGrath et al., 2001). Soil pH may be changed by 
-
-
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plant root exudates or through the production of CO2. Additional demobilizing effects 
can be achieved through the use of stabilizing soil amendments in synergy with the 
phytostabilization (Geebelen et al., 2002).  
 
Phytovolatilization involves the uptake of pollutants from the soil, plant driven 
transformation into more volatile form and the subsequent release into the atmosphere. 
This technology is only applicable to substances which can be transformed into volatile 
chemical form. It has been proposed for the inorganics As, Se and Hg as well as for 
chlorinated solvents. Application of this technology for non-essential pollutants with 
high potential toxicity, such as Hg, is controversial as it implies wider dispersal of the 
pollution into the environment. Currently, abiotic and bacterial reduction of Hg (II) 
from Hg-containing sites generates 25-50% of global atmospheric Hg (0) emissions 
(Keating, 1997; Fitzgerald, 1995). Although removal from the soil is feasible by 
enhancing the biological processes involved in release of Hg into the atmosphere, it 
cannot be considered as a sustainable technology. Se on the other hand is a 
micronutrient to human and animal organisms (Wilber, 1983). However, at slightly 
elevated doses above those required for physiological functions it can become toxic. 
Inorganic Se can be transformed by plants to dimethylselenide, an organic volatile form. 
Because this form is about 500-600 times less toxic than the inorganic forms, 
volatilization also implies detoxification (Wilber, 1980). Dimethylselenide has a short 
lifetime (9.6 days) and studies on its fate in the troposphere revealed that it will most 
likely be diluted, dispersed away from the polluted site and deposited in more Se-
deficient areas by air currents (Atkinson et al., 1990). Chevron (Richmond, CA, USA) 
employs a field of 36 ha of constructed wetland to remove selenite from oil refinery 
effluent, with a removal efficiency of 90% (Hansen et al., 1998). Of the agronomic 
species, plants from the family of the Brassicaceae were shown to be excellent Se 
volatilizers (Banuelos et al., 1997). Out of 15 agronomic species tested, rice, broccoli 
and cabbage volatilized Se at the fastest rate. These crops also proved to accumulate Se 
at higher rates than other species (Terry et al., 1992). 
 
Phytoextraction (Fig. 2.5.) is the extraction of contaminants and accumulation in 
harvestable plant tissues (Miller, 1996). The contaminants are subsequently removed by 
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harvesting the plants. It is mostly described in literature for metals (Ag, Cr, Co, Cd, Cu, 
Hg, Mn, Mo, Ni, Pb, Ni, Zn), metalloids (As, Se), radionuclides (Sr, Cs, Pu, U) and 
non-metals (B). This technique can be subdivided in phytoextraction by using natural 
hyperaccumulators (e.g. Thlaspi caerulescens) or by inducing (hyper)accumulation in 
agronomic crops by the use of mobilizing soil amendments. Phytoextraction as a soil 
remediation technology is elaborated further in Sections 2.3, 4 and 5 of this Chapter.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5. Schematic presentation of phytoextraction; left: natural hyperaccumulators 
generally exhibit low biomass productivity, are contaminant specific and require high 
initial concentration in the soil to exert its competitive advantage; right: agronomic 
crops tend to attain higher levels of biomass productivity yet accumulate lower 
concentrations of heavy metals under normal conditions, (hyper)accumulation in these 
agronomic species can be induced by applying soil amendments which (temporarily) 
mobilize heavy metals in the rhizosphere 
 
 
Phytomining is a related phytotechnique, which aims at the removal from the soil for 
recuperation of precious minerals. It is defined as the production of a ‘crop’ of a metal 
by growing high biomass plants that accumulate high metal concentrations (Brooks et 
al, 1998). Some plants exhibit the capacity to hyperaccumulate metals, while in other 
species this property can be induced. Anderson et al. (1999) discussed the economic 
potential of hyperaccumulating species for the extraction and subsequent recuperation 
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of Ni, Tl and Au. Field trials confirmed the feasibility of Au extraction at a rate of 1 
kg.ha-1 from soil or ore containing at least 2 mg.kg-1 (Anderson et al., 2005). 
 
2.2.2. Water treatment 
Rhizofiltration (Fig. 2.6.) involves the adsorption or precipitation of contaminants onto 
plant roots, or absorption into the roots. Rhizofiltration first results in contaminant 
containment, in which the contaminants are immobilized or accumulated on or within 
the plant. Contaminants are then removed by removing the plants (EPA, 2000). Metal 
removal from wastewaters (rhizofiltration) generally enjoys a higher success rate than 
removal from polluted soils and sediments (phytoextraction). This can be attributed to 
the fact that dissolved metals are more “phytoavailable” than metals captured within a 
soil matrix. Unlike constructed wetlands (cfr. infra), rhizofiltration units consist out of 
hydroponic modules without the presence of a substrate in which the plants are 
anchored.  
A 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
Fig. 2.6. Examples of rhizofiltration units: A lateral view of an aerated rhizofiltration 
unit, B scheme of a flow-through rhizofiltration system (Dushenkov & Kapulnik, 2000) 
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Constructed wetlands (Fig. 2.7.) are used for the removal of nutrients, COD, inorganic 
or organic pollutants from domestic, agricultural or industrial wastewaters. This 
application is generally excluded from literature listings of phytoremediation 
technology. However, it constitutes for the most widespread and accepted application of 
plant based environmental remediation techniques. Research in this domain pre-dates 
that of the other branches of phytoremediation. Many of the biological, physical and 
chemical underlying principles examined and described for constructed wetlands are 
directly or indirectly applicable to the other phytoremediation techniques.  
 
 
 
 
 
 
Vh = Vet ⇒ Ve = Vo 
 
Fig. 2.7. Example of constructed wetland designed for processing agricultural effluents 
with heavy load of N, P and COD; Vo + Vh = Volume of the wastewater load; Vet = 
Evapotranspirated volume; Ve = Effluent volume (Meers et al., 2005a) 
 
 
2.3. Phytoextraction 
Phytoextraction can be defined as the green technology that removes pollutants from 
contaminated soil by plant absorption and translocation to harvestable plant parts 
(Kumar et al., 1995). It offers the prospect of being an attractive, economic and non-
invasive alternative for a portion of the polluted sites (Cunningham & Berti, 1993; 
Cunningham et al., 1995; Salt et al., 1995b; Garbisu & Alkorta, 2001). The economic 
incentives have, in the context of rising needs for soil clean-up, driven towards an 
exponential growth in research towards phytoextraction techniques and applications 
over the last years. However, this increased research has not yet led to practical field-
scale application of phytoextraction in Europe. Policy makers and soil remediation 
companies are reluctant to introduce phytoextraction techniques due to their prolonged 
required remediation time and current lack of field-scale evidence. In order to reduce 
the required time, the extraction efficiency needs to be enhanced. This efficiency is 
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determined by the produced harvestable biomass times the concentration of heavy 
metals contained within this biomass. In general, two trends can be distinguished in 
phytoextraction research towards increased extraction efficiency: (i) the use of 
(generally low biomass-producing) hyperaccumulating species (Baker et al., 1994; 
Brown et al., 1994a; Krämer et al., 1997; Zhao et al., 2001; Lombi et al., 2002) and (ii) 
the use of soil amendments to stimulate heavy metal uptake and translocation into high 
biomass producing species (Lombi et al., 2001; cfr. also infra). A number of 
amendments have been reported to render trace metals in the soil more 
“phytoavailable”, among which aminopolycarboxylic acids (APCAs) (Huang et al., 
1997; Cooper et al., 1999; Shen et al., 2002) and organic acids (Ebbs & Kochian, 1998; 
Huang et al., 1998). Other promising research is situated in molecular biology and 
biotechnology in the search of genetically modified species (Kärenlampi et al., 2000; 
Gleba et al., 1999) and in the understanding of mycorrhizal and bacterial rhizosphere 
associations and their influence on metal tolerance and uptake (Killham & Firestone, 
1983; Khan, 2001; Kunito et al., 2001; Li et al. 2002; Bi et al., 2003).  
 
The discovery of plants capable of accumulating high concentrations of heavy metals in 
their shoots, known as “hyperaccumulators”, formed the basis of the phytoextraction 
technology (Nanda-Kumar et al., 1995). Hyperaccumulators are defined as plants that 
contain more than 100 mg.kg-1 dry weight Cd, 1,000 mg.kg-1 dry weight Co, Cu, Cr, Pb, 
or Ni, or more than 10,000 mg.kg-1 dry weight Mn or Zn (Dahmani-Muller, 2000). 
Naturally occurring hyperaccumulation of metals has been reported in more than 
400 plant species (Baker et al., 1999). Accumulation of elevated levels of toxic metals 
has been proposed to serve as defence against herbivory as well as against fungal and 
bacterial pathogens (Chaney et al., 1997; Boyd, 1998). The genus Thlaspi 
(Brassicaceae) in particular has attracted the interest of botanists for its known 
association with substrata enriched with heavy metals (Windsor, 1866; Baker et al., 
1994). Thlaspi caerulescens for example has long been known to be capable of 
accumulating Zn concentrations in its foliar dry matter in excess of 10,000 mg.kg-1 
(Baker & Brooks, 1989). Robinson et al. (1998) reported that T. caerulescens, at a 
biomass yield of 2.6 t.ha-1 and a dry weight concentration of 1.16% for Zn and 0.16% 
for Cd could annually remove 60 kg Zn and 8.4 kg Cd per ha. A major drawback of 
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hyperaccumulating plant species is that they are generally slow growers. This impairs 
their application in phytoextraction, since the removal efficiency is determined by the 
harvestable plant biomass multiplied by the concentration of heavy metals contained 
within this biomass. Another drawback is the fact that extreme concentrations in the soil 
may be a prerequisite for vigorous plant growth and the ability to compete with other 
faster growing, non-accumulating plant species. Tolra et al. (1996) suggest that co-
contamination with extreme levels of Zn may be required to consider T. caerulescens 
for Cd-removal. 
 
Another strategy involves the use of agronomic plant species with high biomass 
production and the potential of increasing the extraction efficiency by the use of soil 
amendments. Brassica juncea (Indian mustard) for example, has been shown to 
accumulate moderate levels of Se (Banuelos et al., 1993), Cd, Cr, Cu, Ni, Pb and Zn 
(Kumar et al., 1995). Ebbs et al. (1997) also proposed the use of agronomic members of 
the Brassicaceae family as they are capable of a biomass production ten times higher 
than that of T. caerulescens. Ebbs & Kochian (1998) stated that Hordeum vulgare 
(barley) had a phytoremediation potential equal to, if not greater than, that of B. juncea. 
Interesting results in the use of high biomass yielding crops for phytoextraction 
purposes have been achieved when chelates were added as soil amendments (Huang & 
Cunningham, 1996; Blaylock et al., 1997; Huang et al. 1997). Crop manipulation to 
increase metal uptake to levels comparable to those found in hyperaccumulators is 
called induced hyperaccumulation.  
 
The two main bottlenecks hampering an efficient phytoextraction process are: the 
limited “bioavailability” of heavy metals in the soil matrix and the limited translocation 
of the heavy metals extracted from the soil to above ground harvestable plant parts 
(Herzig et al., 2000). Of equal importance in this regard, is the plant physiological 
tolerance to high amounts of toxic trace metals, or in other words the plant’s ability to 
‘swallow’ the enhanced mass transfer of these elements. The use of soil amendments 
(cfr. also Section 5 of this Chapter), is aimed at increasing the “phytoavailability” of 
trace metals in the rhizosphere and/or the translocation efficiency of the assimilated 
minerals.  
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3.  Phytoavailability of heavy metals 
3.1. Defining phytoavailability 
From a phytoextraction perspective, a comprehensive knowledge of the underlying 
principles of “bioavailability” is important in order to assess the potential influences on 
the extraction efficiency (Brennan & Shelley, 1999). This knowledge may lead to 
engineering approaches to increase the phytoextraction efficiency and to protect against 
the potential ecotoxicological risks involved. “Phytoavailability” modeling may offer a 
valuable tool in estimating the phytoextraction efficiency, based on prior physico-
chemical analysis and/or biosensoring data. 
 
The “bioavailable” fraction is considered as the fraction of the total contaminant in the 
interstitial water and soil particles that is available to the receptor organism (Vig et al., 
2003). Hund-Rinke & Kördel (2003) describe “bioavailability” as a complex term, in 
which both dynamic processes and species-specific interactions are involved. It is 
strongly associated to the organism under evaluation, the type of exposure and the 
chemical speciation of the metals. However, the term “bioavailable” itself is vague and 
can be misleading. In the context of soil chemical fractionation, the term “bioavailable 
fraction” deviates from the IUPAC recommended terminology, as ‘fractionation’ refers 
to the classification of an analyte or group of analyte to physical or chemical properties 
(Templeton et al., 2000). In analogy, Quevauviller (1998) stated that functionally 
defined fractions in literature, such as ‘active’ or ‘mobile’ can also be confusing as they 
already reflect the interpretation of data rather than the measurements themselves. 
Meyer (2002) stated that although the term “bioavailable fraction” is hard to define 
quantitatively and context-specific, the term “bioavailability” itself does describe a 
general and useful qualitative concept. Peijnenburg et al. (1997) proposed to treat 
“bioavailability” as a dynamic process in two separate phases with (i) “environmental 
bioavailability” defined as a physico-chemically determined fraction and (ii) 
“toxicological bioavailability” as a measure of physiologically induced effects. Caussy 
et al. (2003) point out that some authors differentiate between “external bioavailability” 
or “bioaccessibility”, which largely depends on the ability of metals to be dissolved and 
released from media or food, and “internal bioavailability” which reflects the ability to 
be assimilated by the organism, reach target tissues and exert toxicological effects. The 
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availability of heavy metals for plant uptake is often described as “phytoavailability” 
(Song et al., 2004). 
 
“Bioavailability” in any given study must be used in a predefined biological context 
such as uptake and translocation to aboveground plant parts for a given species, induced 
physiological effects, etc. In the context of this study, “bioavailability” and 
“phytoavailability” refer to the availability of heavy metals in the soil for plant 
uptake and shoot accumulation by the plant species under evaluation.  
 
3.2. Mineral Nutrition in Plants 
3.2.1. Soil solution 
Plants depend on mineral uptake from the soil for their nutritional demands. Absorption 
of minerals into the root predominantly occurs directly from the soil solution. 
Phytoavailable heavy metal fractions in the soil are therefore usually associated with the 
soluble soil fraction (Brennan & Shelley, 1999; Blaylock & Huang, 2000; Denaix et al., 
2002; Singh & Kashem, 2002; Zhao & McGrath, 2002). Plants can employ various 
strategies to mobilize micro- and macronutrients into the soil solution to meet their 
nutritional demands. The importance of root exudates containing organic acids, 
phytosiderophores, acid phosphatases, phenolic substances and proton extrusion to 
enhance the plants capacity to access pools of sparingly soluble forms of essential 
mineral nutrients, has been well discussed in literature (Fox & Guerinot, 1998; Khan et 
al., 2000; Poschenrieder & Barcelo, 2002).  
 
The interaction of these plant exudates with heavy metals in the soil matrix forms a 
conceptual basis for the use of chemical extraction procedures to estimate 
“phytoavailable” pools of heavy metals (Section 3.4. this Chapter; Chapter 3). However, 
plant availability and uptake is not merely governed by the size of these chemically 
ascertained labile soil fractions, yet also by the rates at which they interact with other 
chemical pools as well as with the biological actors within the rhizosphere. From the 
perspective of environmental risk assessment and “bioavailability” evaluations, not 
solely the extractable pool is of consequence, but also the rate at which metals can be 
released from this pool to replenish soil solution levels in response to fluctuations in 
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dissolved metals, exchangeable bases, organic carbon etc. Furthermore, 
“bioavailability” of metals in the soil solution is determined by the chemical forms in 
which they occur. Several studies suggest that calculations of the free metal ion 
concentration provide the best guide to both partitioning and “bioavailability” (Tipping 
et al., 2003; Cances et al., 2003). Soil solution speciation of heavy metals, based on 
physico-chemical parameters and composition, can provide an additional perspective in 
understanding plant availability of heavy metals within the soil. 
 
3.2.2. Root uptake 
Ions need to be transported from the soil solution into the root and distributed 
throughout the plant, crossing both cellular and organellar membranes (Fox & Guerinot, 
1998). A distinction is to be made between intentional heavy metal absorption of 
essential trace metals, such as Zn, Cu, Ni, Mn, and the non-intentional uptake of non-
essential elements such as As, Cd, Cr and Pb. All physiologically essential heavy metals 
are taken up by mostly metal specific transporters, which could be identified by recent 
molecular-biological approaches (Ernst, 2002). Both epidermal uptake (root absorption) 
and vascular loading at the endodermis are considered to be regulated by active (energy-
requiring) transport mechanisms (Raven et al., 1999). An extensive and excellent review 
on the molecular biology of cation uptake and transport in plants for K, Ca, Cu, Zn, Fe 
and Mn is provided by Fox & Guerinot (1998). Many cations, albeit essential for plant 
nutrition, may induce toxic effects when present in excess. Therefore plants may 
regulate uptake and efflux systems to control their intracellular concentrations. Efflux of 
an excessive amount of Zn, and probably other trace metals, seems to be a protective 
mechanism in metal contaminated soils (Santa Maria & Cogliatti, 1998). 
 
In general, plants can be subdivided in two classes based on the strategies they employ 
to mobilize scarcely mobile essential trace metals in the soil. Fig. 2.8. present a 
schematic overview of these mechanisms. Dicotyledons are so-called Strategy I plants. 
They mobilize metals in the rhizosphere by proton release, by the use of reductase 
systems which transform ferric into ferrous iron, and by exudation of organic acids and 
phenolics (Grusak et al., 1999). The same soil chemistry limitations that reduce Fe 
availability also pose a problem for grasses (including cereals). This group of 
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monocotyledons have evolved an alternative method for acquiring Fe from insoluble 
sources: Strategy II mechanisms (Marschner & Römheld, 1994). This strategy involves 
the release of Fe-chelating compounds, commonly known as phytosiderophores. 
Phytosiderophores have been defined by Neilands & Leong (1986) as “low molecular 
weight, virtually Fe(III) specific ligands produced as scavenging agents in order to 
combat low-iron stress”. Although phytosiderophores release is considered to be 
primarily directed towards Fe nutrition, there is some evidence that Zn deficiency also 
stimulates phytosiderophore release. Suggestions have been made that they may 
facilitate the uptake of all the nutrients. Crowley et al. (1987) and Welch (1995) 
proposed the use of the term of the more general term phytometallophores. However 
some authors argue that increases in phytosiderophore production upon deficiency of 
other micronutrients such as Zn, may be caused by an indirectly induced functional Fe 
deficiency (Cakmak et al., 1994; Grusak et al., 1999).  
 
 
 
 
 
 
 
 
 
 
Fig. 2.8. Possible micronutrient acquisition mechanisms in root cell plasmalemmas of 
crop plants. A Strategy I mechanisms of dicotyledons (and non-grass monocotyledons): 
(1) proton ATPase which can function to acidify the rhizosphere and thereby enhance 
free metal-ion activity; (2) reductase systems which can reduce oxidized extracellular 
metal ions (Mox); (3) transport proteins (carriers or channels) which can facilitate metal 
influx and which may require the reduced form of the metal (Mred); (4) transport 
proteins that release organic acids or phenolics which function as chelating agents 
and/or reducing agents; B Strategy II mechanisms of grasses: (1) proton ATPase which 
can function to acidify the rhizosphere and thereby enhance free metal-ion activity; (5) a 
transport protein which enables the release of phytosiderophores; (6) a high-affinity 
carrier protein for the metal phytosiderophore complex; (7) a low-affinity protein for the 
the metal phytosiderophore complex; (8) transport proteins (carriers or channels) which 
can facilitate metal influx and which may be specific for the reduced or oxidized ionic 
form of the metal (Grusak et al., 1999) 
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There are three pathways along which water and solutes can be taken up from the soil 
solution into the roots (Fig. 2.9.): apoplastic, symplastic and transcellular (Raven et al., 
1999). The last two pathways are also known as cytoplasmic pathways (Postlewait & 
Hopson, 1992). The apoplastic pathway occurs via the cell walls. Symplastic movement 
occurs from the protoplasma of one cell to another via the plasmodesmata. Transcellular 
transport occurs from cell to cell, the water passing directly from vacuole to vacuole. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.9. Possible pathways for the movement of water and solutes from the soil into the 
root; Apoplastic pathway water movement via cell walls, Symplastic pathway water 
movement via plasmodesmata, Transcellular pathway direct waterflow from vacuole 
to vacuole (Raven et al., 1999) 
 
 
Apoplastic movement provides for a non-metabolic process driven by diffusion which 
allows for a passive uptake of soluble heavy metals from the soil solution. Transport 
along the apoplastic pathway is limited or retarded by the high cation exchange capacity 
of cell walls, resulting in extracellular adsorption to root cells (Geebelen, 2002). An 
ultrastructural study on the distribution of EDTA-chelated and unchelated Pb in roots 
and shoots of Chamaecytisus proliferus with electron microscopy indicated that under 
natural conditions, unchelated Pb is found in cell walls, bacteroids and mitochondria in 
root nodule cells, in middle lamella and intercellular spaces in root tissues (Jarvis & 
Leung, 2001). Water following an apoplastic pathway is forced by the Casparian strips 
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of the endodermal cells to cross the plasma membranes and protoplasts of these cells on 
its way to the xylem (Raven et al., 1999).  
Within the plant root, the vascular system itself is protected by a layer of cells 
(endodermis). This layer forms a protective barrier which prevents loading of 
potentially toxic substances, although referred to as translocation barrier. Regardless of 
the transport pathway, all assimilated materials must pass through the cytoplasm of the 
endodermal cells before reaching the root-center, where the vascular tissue is situated. 
However, direct leaking of solutes into the xylem is thought to occur in young regions 
of the root, where the endodermis is not fully developed to form a barrier for the entry 
of solutes into the xylem, and at sites where lateral roots penetrate the endodermis 
(Huang & Van Steveninck, 1989; White, 2001). 
 
3.2.3. Translocation 
Following root uptake, inorganic nutritional components are translocated to 
aboveground plant parts by sap stream in the xylem vascular tissue. Plants have the 
capacity however to keep heavy metals from loading into the xylem for upward 
transport by a mechanism referred to as the translocation barrier. The Casparian strips 
separate the root cortex from the central cylinder that contains the vascular tissues 
(xylem and floem) and form a physiological barrier for root to shoot translocation. Lux 
et al. (2002) reported a sensitive response in the formation of Casparian bands upon Cd-
treatment with their formation occurring closer to the apex. Indeed, under normal non-
toxic conditions the Casparian strips are not yet fully developed near the root apex, 
allowing apoplastic transport (‘leaking’) of toxic elements into the stele (Huang & Van 
Steveninck, 1989).  
 
Xylem cell walls have a high cation exchange capacity, which is likely to retard or limit 
transport of charged ions. Nutrient ions exist in organically complexed forms in xylem, 
allowing transport unhampered by the high CEC. Also non-essential elements have 
been shown to be complexed. Histidine has been proposed for complexation with and 
transport of Ni (Krämer et al., 1996; Kerkeb & Krämer, 2003) and Zn (Salt et al., 1999). 
However, Lodewijckx (2001) observed no direct correlation between Zn-content and 
histidine in the roots of T. caerulescens, leaving the role of free histidine still 
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speculative until more mechanistic data is available (Geebelen, 2002). Guo & 
Marschner (1995) proposed the involvement of phytochelatins in the root to shoot 
translocation of Cd. Pich et al. (1996) proposed a primary role of nicotianamine in 
complexation and transport of Cu in the plant. 
 
Huang & Cunningham (1996) found that less than 30% of Pb taken up by plant roots 
was effectively translocated to aboveground plant parts for twelve species under study 
with root/shoot ratios in the range of 6-410. Kirkham (1978) reported a 10-fold higher 
concentration of Cd in the roots of Chrysanthemum morifolium than in the aboveground 
plant parts. Ebbs & Kochian (1997) reported that the Cu- & Zn- concentrations in 
aboveground parts of Brassicaceae were respectively 4-8 and 20-50 lower than the 
concentrations in the roots. Retana et al. (1992) reported As-contents which were twice 
as high in the roots when compared to content in the stem for a range of plants grown in 
saline soil. Similar reports were made for Zn, Cu, Pb and Cd in Helianthus annuus 
(Kastori et al., 1992), for Pb in Sonchus oleraceus (Xiong et al., 1997), for Cd in B. 
juncea (Salt et al., 1995a), for Cd in Cucumis sativus (Tack et al., 1998), for Cd in 
Phaseolus vulgaris and Oryza saliva (Guo & Marschner, 1995), and for Ni in Z. mays 
and Oryza saliva (Guo & Marschner, 1995). 
 
Blaylock & Huang (2000) stated that the long-distance translocation from roots to 
shoots is the limiting step for Pb-accumulation. In a mass-balance evaluation, aimed at 
characterizing translocation efficiencies for 11 cations in Z. mays grown on a 
contaminated dredged sediment, the following ratios of extracted and translocated over 
total extracted mass were encountered : Ca (76%), K (91%), Mg (80%), Mn (81%), Zn 
(67%) > Cu (38%), Fe (36%) > Cd (33%), Na (32%), Pb (23%) (Meers et al., 2004). An 
obvious trend in translocation efficiency can be distinguished between macro- and 
micronutrients versus non-essential trace elements. A mechanistic model, simulating the 
uptake, translocation and accumulation of Pb by Z. mays has been proposed by Brennan 
& Shelley (1999). 
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3.3. Effect of soil properties on the behaviour of heavy metals 
3.3.1. General overview 
The total concentration of a contaminant does not tell much about its “bioavailability” 
(Gupta, 2002). Availability of heavy metals for plant uptake depends on physico-
chemical parameters such as soil texture, pH, oxidation-reduction potential, organic 
ligands and the ionic composition of the soil solution. It appears that apart from 
differences amongst plant species and cultivars, the overall combination of soil physical 
and chemical properties controls both the rate and the extent of the uptake and their 
availability to the plant (Ali et al., 2004). In the following section, the effect of physico-
chemical parameters and soil composition on heavy metal mobility will be discussed. 
Metals in soil can exist as discrete particles or be associated with different soil 
components, including (1) free metal ions and soluble metal compounds in the soil 
solution, (2) exchangeable ions sorbed onto inorganic solid phase surfaces, (3) non 
exchangeable ions, either present as precipitates or insoluble inorganic metal 
compounds (e.g. oxides, hydroxides, phosphates, carbonates), (4) metals complexed by 
soluble or insoluble organic materials and (5) incorporated in the clay crystalline 
structure. Fig. 2.10. presents a schematic overview of soil pools and interactions of 
heavy metals. 
 
 
 
 
 
 
 
Fig. 2.10. Schematic overview of pools and interactions of heavy metals in the soil; M: 
metal, L: inorganic or organic ligand 
 
 
The cation exchange capacity (CEC) of a soil is caused by the negative charges on clay 
particles, amorphous Fe/Al oxides and organic material (Evans, 1989). These negative 
surface charges are compensated for by adsorption of electropositively charged ions. A 
wide range of cations compete for adsorption to the CEC via cation exchange reactions 
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(Ca, Mg, K, Na, Cd, Cu, Ni, Pb, Al, Mn, Al). Clay, organic matter and Fe/Al oxides 
with their high CEC reduce heavy metal availability for plant uptake. 
 
Metals can also be removed from the soil solution by precipitation reactions. A free 
cation in the soil solution will precipitate with an anion when their solubility product is 
exceeded. Vice versa, salts can dissolve with release of the ions in undersaturated 
solutions. Anions which commonly react with cations in soils are phosphates, 
carbonates, sulphates, hydroxides and nitrates. Precipitation of Fe, Al or Mn oxides can 
result in the occlusion of other elements, which become then unavailable for exchange 
reactions. 
 
Dissolved organic ligands, such as low to medium molecular weight carboxylic acids, 
amino acids and fulvic acids derived from organic matter decomposition, or deposited 
on the soil with manure or sludges, affect the mobility of heavy metals by formation of 
soluble complexes (Petruzelli et al., 1992; Christensen et al., 1996). Reversely, biosolids 
add high sorption capacity phases to soils, which reduce metal availability to plants (Li 
et al., 2001). Humic acids can form insoluble complexes with heavy metals and reduce 
their availability (Stevenson & Ardakani, 1972). The presence of organic matter may 
therefore both increase or decrease heavy metal solubility, depending on organic matter 
composition and physico-chemical characteristics.  
 
Complexes can also be formed with inorganic ligands and can therefore increase metal 
mobility (Verloo & Eeckhout, 1990). Doner (1978) demonstrated that Cl- had a marked 
effect on the mobility of Cd and to a lesser extent of Cu and Ni. Cl has a high affinity 
for Cd, yet a low affinity for the solid soil phase, which accounts for the mobilizing 
properties of Cl (Garcia-Miragaya & Page, 1976). 
 
Soil pH is considered to be the most important parameter affecting solubility of heavy 
metals in the soil. It affects precipitation – dissolution reactions, adsorption to the soil 
CEC, solubility of Al/Fe oxides and complex stability of metal complexes. As a rule, 
solubility of metals present in the soil as cations (Cd, Cu, Ni, Pb, Zn) increases with 
decreasing soil pH.  
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Redox potential also plays a determining factor in heavy metal mobility in soils and 
sediments. Under strong reducing conditions sulphides are formed, resulting in the 
precipitation of most heavy metals. Solubility and leachability of heavy metals in land-
disposed dredged sediments increases when the sediment material is oxidized (Singh et 
al., 1998a). Stephens et al. (2001) clearly correlated leaching patterns of heavy metals to 
the sulphide:sulphate ratio in the sediment during drying. The increase in metal mobility 
is strong for Cd, Cu, Pb and Zn, while leachability if Fe decreases and Mn, Ni and Co 
are mainly unaffected (Tack et al., 1996). The sediments used in the current study 
originated from dredged sediment derived surface soils present in oxidized state. As 
plant extraction of heavy metals occurred from oxidized material under aerobic 
conditions, the redox potential will not be discussed in further detail in the subsequent 
Chapters. 
 
3.3.2. Heavy metals in the soil solution 
Total soil metal content by itself is not a good measure for short term “bioavailability” 
and not a very useful tool to determine potential risks from soil and sediments 
contamination (Rieuwerts et al., 1998). In fact, it is well known that metals exist in a 
number of different soluble and particulate forms, which influence their reactivity and 
hence their mobility and “bioavailability” (Sauvé et al., 2000). Current legislative 
frameworks are mainly based on total metal concentrations rather than free metal 
content in soils and sediments. They ignore that variation in soil properties results in 
substantial differences for uptake and effects in organisms in different soils 
(Peijnenburg et al., 1999).  
 
Recent studies examining the relationship between the “bioavailability” of heavy metals 
in soils, toxicological impacts on soil fauna and flora, and the potential transfer of heavy 
metals through the food chain have focused on the soil solution phase (Tye et al., 2003). 
Soil solutions, unlike water bodies, are in intimate contact with the soil-solid phase and 
are therefore much more influenced by mineral equilibria, cation exchange, and sorption 
reactions as well as complexation by organic matter both on the solid phase and 
dissolved in the solution (Sauvé et al., 2000). Therefore, it is important to understand 
the factors that affect the reactivity and mobility of metals in soils. This should help to 
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understand the mechanisms, which controls metal transfer from polluted soils to plants 
and microorganisms. Krishnamurti (2000) also emphasizes the importance of solid-
phase speciation in developing appropriate remediation strategies for contaminated 
soils. Several studies suggest that calculations of the free metal ion concentration in the 
soil solution provide the best guide to both partitioning and “bioavailability” (Tipping et 
al., 2003; Cances et al., 2003). Such empirical relationships are usually based on 
accessible soil characteristics that are known to affect metal solubility, such as total 
metal content, organic matter content, mineralogy and pH (Cances et al., 2003; Tipping 
et al., 2003; Tye et al., 2003; Sauvé et al., 2000). Formulations used in this context are 
commonly of the form as presented in equation 2.2 (Japenga & Römkens, 2002). 
 
log [HMsolution] = α + β pH + γ log [OM] + δ log [Clay content] + ε [HMSoil]  (Eq. 2.2.) 
  With  OM: Organic matter content (%) 
   HM: Heavy metal concentration in soil solution and soil    
 
Meers et al. (2005) established empirical multivariate chemometric formulations linking 
general soil characteristics to the presence of Cd in the soil solution for a broad range of 
soils (n = 29). They observed that all such empirical formulations without exception 
contained pH as one of the determining factors. This would indicate that towards risk 
assessment, pH of the soil should preferably be adopted in legislative frameworks, in 
addition to organic matter and clay content currently used for this purpose (cfr. also Eq. 
2.1.). The most basic empirical equation observed by them was a trivariate formulation 
associating soil solution Cd (µg.l-1) to total content and soil pH (Eq. 2.3.). This equation 
demonstrated remarkable resemblance with an empirical formulation observed by Sauvé 
et al. (2000) based on 64 soils.  
 
log[Cdsolution] = 3.84 + 0.82 log [Cdsoil] – 0.51 pH-H2O (Eq. 2.3.) 
log[Cdsolution] = 3.23 + 0.77 log [Cdsoil] – 0.54 pH-H2O (Eq. 2.4.) 
 
Fig. 2.11. presents observed vs. predicted values for both studies according to Eq. 2.3. 
and Eq. 2.4. (n = 93). Fig. 2.12. exhibits how this trivariate relationship could be 
presented for practical interpretation. However, these graphs present preliminary 
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equations and should be validated on a more extensive dataset before practical 
deductions could be derived in actual situations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.11. Observed vs. predicted log Cdsolution levels, based on log Cdsoil content pH in 
Meers et al. (2005) (x) and the study by Sauvé et al. (2000) (dots) (Meers et al., 2005b) 
 
 
 
 
 
 
 
 
 
Cdsoil (mg.kg
-1
) 
 
Fig. 2.12. Prediction of log-transformed Cd in the soil solution based on soil pH 
and total soil content of Cd (Eq. 2.3); thick line indicates transgression over 
local groundwater treshold (5 µg.l-1), dashed lines indicate twice and half the 
treshold limit, color scale presents predicted log-transformed soil solution levels 
(Meers et al., 2005b) 
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Mechanistic models describe interactions within the system more comprehensively, 
taking into account competitive binding to solid soil materials and to solution ligands, 
including dissolved organic matter. Model VI (Tipping, 1998) and nonideal consistent 
competitive adsorption (NICA)-Donnan (Kinniburgh et al., 1999) are two advanced 
models available for the description of the binding of proton and metal ions to humic 
substances. However, the strength of a model depends on its ability to deal with humic 
substances of different origin and structure and with varying solution chemistry. Meers 
et al. (2005) compared two software packages for the chemical speciation of Cd in the 
soil solution: Visual Minteq 2.23 (Department of Land and Water Resources 
Engineering, Stockholm Sweden) and WHAM / Model VI (Tipping, 1998). For 
speciation of Cd both mechanical estimations were largely in agreement. Fig. 2.13. 
presents a general overview of the various forms in which Cd is present in the soil 
solution, according to these models. Organically complexed Cd was estimated to be the 
predominant form in dredged sediment derived surface soils. Other dominant inorganic 
species were the free ion, in addition to soluble inorganic sulphate or chloride 
complexes. Further research such as described in Meers et al. (2005) will also 
comprehend the evaluation of the other heavy metals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.13 Schematic presentation of Cd interactions in the soil solution of oxidized 
surface soils based on WHAM VI and VMinteq calculations (DOC: dissolved organic 
carbon); blue presents soluble Cd species, red insoluble species, purple presents 
excheangeable Cd (Meers et al., 2005b) 
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3.4. Chemical assessment of heavy metal phytoavailability 
3.4.1. Introduction 
Chemical extraction procedures can be used to distinguish between pools or fractions of 
heavy metals in the soil. The different chemical forms in which metals occur within the 
soil matrix determine their mobility, “bioavailability” and toxicity. A wide range of 
operationally defined fractions, as determined by chemical extraction procedures, have 
been proposed to reflect “phytoavailability” of heavy metals in the soil. The following 
sections provide an overview of some of the single extractions used to this end. Fig. 
2.14. exhibits some of the underlying principles involved. In addition, Table 3.1. 
(Chapter 3) presents an overview of commonly used extraction procedures for the 
assessment of heavy metal “phytoavailability”. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.14. Schematic overview of single extractions used for “phytoavailability” 
assessment, the targeted metal fraction in the soil and soil processes mimicked by the 
extraction 
 
3.4.2. Water extractable metals 
Recent studies examining the relationship between the “bioavailability” of heavy metals 
in soils, toxicological impacts on soil fauna and flora, and the potential transfer of heavy 
metals through the food chain have focused on the soil solution phase (Tye et al., 2003). 
Metal fraction extracted
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Because soil solution is the main medium from which plants obtain mineral nutrients, 
there has been a long-time interest in knowing its chemical composition (Brennan & 
Shelley, 1999; Blaylock & Huang, 2000; Zhao & McGrath, 2002; Denaix et al., 2002; 
Singh & Kashem, 2002; Japenga & Romkens, 2002). However, separating unaltered 
soil solution from solid-phase soil has been difficult and numerous methods have been 
proposed, based on the principles of suction, pressure, displacement and centrifugation 
(Adams et al., 1980). These most labile soil fractions of heavy metals can be estimated 
by soil moisture sampling or the use of water extracts.  
 
Soil moisture extraction offers the possibility of ascertaining levels of metals at 
equilibrium in the soil solution without altering its composition in the process of 
extracting it. For the purposes of the extraction of soil solution in this research, Rhizon 
soil moisture samplers were employed (MOM-type; Eijkelkamp Agrisearch, Giesbeek, 
the Netherlands). These samplers consist out of a small porous filter over which suction 
can be applied either by a syringe or by a vacuum sampling tube (vacuette). The filter 
material consists out of a synthetic polymer with a pore diameter of 0.1 µm and will 
therefore exclude colloidal material from the extract. 
 
Water extracts can be performed at a wide range of liquid:solid (L:S) ratios and are 
indicative of what fraction of metals can be released into the soil solution by dissolution 
of metal precipitates. For example, Epstein et al. (1999) employed an L:S of 1:1 and an 
equilibration time of 12 h, whereas Darmawan & Wada (1999) and Crommentuijn et al. 
(1997) used a ratio of 1:10 and equilibration times of 1 h and 2 h respectively. Based on 
previous findings, a sufficiently long equilibration period is preferred (24 h). For 
separation of the extractant from the soil material, several procedures have been 
proposed as well: filtration, centrifugation, column displacement and saturated paste 
extraction. 
 
3.4.3. Exchangeable metals 
Electropositively charged elements, such as heavy metals, can be adsorbed to negatively 
charged soil constituents (soil cation exchange capacity). These elements can be subject 
to cation exchange reactions and can readily replenish soil solution levels. Adsorbed 
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metals are considered to be labile and available for plant uptake (Kabata-Pendias, 1993). 
To ascertain metal exchangeability, a wide variety of extractants are proposed in 
literature. Equally important parameters in this regard are the molar concentration of the 
extractant, liquid to solid ratio of the protocol and the respected equilibration time. Häni 
& Gupta (1985) were some of the first to propose the use of a neutral salt solution to 
assess actual metal “bioavailability”.  
 
Novozamsky et al. (1993) proposed the use of 0.01 M CaCl2 as extraction reagent for 
estimation of metals and nutrients in air dry soil samples. Houba et al. (1996; 2000) 
elaborated on the benefits of this particular protocol. The primary considerations for this 
reagent were that the solution has similar ionic strength of that of soil solutions and that 
Ca is the predominant cation in the soil solution. Since the extraction solution is 
unbuffered, the relevant interactions occur at the pH of the soil. The divalent cation also 
assures good coagulation of the colloidal material in the suspension, eliminating the 
need to use higher salt concentrations such as required for monovalant cations such as 
Na, K or NH4 unnecessary. Brun et al. (2001) used this extraction protocol (0.01 M 
CaCl2) in accordance with Lebourg et al. (1996) for assessment of Cu availability to 
plants. Out of four protocols used (NH4OAc, CaCl2, EDTA, DTPA), it gave the best 
correlation for Cu concentration in aerial parts of Z. mays. Wang et al. (2004) also 
observed significant interactions with plant uptake in their research towards 
“phytoavailable” soil fractions of heavy metals. Satisfying interactions were also 
observed with mixture toxicity and tissue interactions of Cd, Cu, Pb and Zn in 
earthworms (oligochaeta) (Weitje, 1998). Other studies (e.g. Van Peijnenburg et al., 
1999) have also used the extraction method in the context of oligochaeta. Degryse et al. 
(2003) found that the procedure could give good operational predictions for soil 
solution levels of Cd and Zn. The extraction procedure (0.01 M CaCl2) is used in the 
Dutch legislation for assessment of nutrients and heavy metals in soils (Gupta & Aten, 
1993; Pueyo et al., 2004). The liquid to solid ratio used in the Netherlands is 10:1. In 
this study, the 5:1 ratio proposed by Van Ranst et al. (1999) was used. This ratio may be 
more suitable in regards to the low extraction values generally observed for this weak 
extractant. The protocol under investigation makes use of chloride as anion. Chlorides 
form complexes with certain heavy metals (e.g. CdCl+) (Doner, 1978), which may 
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induce release of heavy metals in surplus of the targeted loosely adsorbed soil fraction. 
This particular potential effect requires further attention. 
 
In Germany, exchangeable soil metals are estimated by a 1 M NH4NO3 extraction 
procedure (DIN, 1995). In comparison to divalent exchangeable bases, such as Ca, the 
monovalent cations NH4, K and Na are less competitive for desorption of heavy metals 
from the soil matrix (Gommy et al., 1998). Also, the use of nitrate as counter ion does 
not cause additional complexation and mobilization of heavy metals, unlike as is the 
case for chloride based extractants. On the other hand, in the NH4NO3 extraction 
protocol, NH3 may also complex metals and induce additional release (Gupta & Aten, 
1993; Lebourg et al., 1998; Pueyo et al., 2004). In screening tests availability of metals 
to plants was shown to be best predicted by this protocol (Birke and Werner, 1991; 
Prueβ, 1992 cited in Belotti, 1998). Belotti (1998) stated that this extraction method 
could also be employed as a valuable tool in estimation of “bioavailable” soil fractions 
to earthworm species. 
 
In the Swiss legislation, a 0.1 M NaNO3 extraction procedure is used (Bo, 1986). 
Exchangeable cations can be classified in terms of competitivity for adsorption to the 
soil CEC in the following order: Ba > Ca > Mg > NH4 > K > Na (Gommy et al., 1998). 
The relatively low ionic strength, the low competitivity of the cation for adsorption 
reactions and the inert counter ion (nitrate) make extracted levels of heavy metals 
indicative for the most labile soil fraction of exchangeable metals. Almas & Singh 
(2001) employed 0.01 M KNO3 for the estimation of labile plant available pools of Cd 
and Zn in the soil. Aten & Gupta (1996) found good correlations between Cd, Zn and 
Cu extracted with dilute salt solutions (0.1 M NaNO3, NH4NO3, KNO3 or CaCl2; 0.05 
M CaCl2; 0.5 M NH4NO3) and shoot concentrations of these metals in Lactuca sativa 
and Lolium perenne. The best correlations were observed for the 0.1 M NaNO3 and 0.05 
M CaCl2 extractions. Similar comparison for Pb did not result in satisfactory 
correlations.  
 
Exchangeable metals in the Tessier sequential extraction protocol are estimated by a 1 
M MgCl2 (L:S 8:1, 1h) extraction (Tessier et al., 1979). Gommy et al. (1998) observed 
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significant effects of the chloride counter ion in metal mobilization and proposed the 
use of Mg(NO3)2 as extractant.  
 
3.4.4. Acid extractable metals 
Nitric acid extractable metals in the soil have been suggested as a measure for 
‘geochemically active’ metals, present in the soil (Tipping et al., 2003). The term 
‘active’ as proposed implies susceptibility to chemical interactions with the soil solids 
that control solution concentrations. However, this terminology may somewhat be 
vague and misleading. Quevauviller (1998) proposed to operationally define extractable 
levels of metals. In this approach, the extracted ‘forms’ should be related to the 
extractant used, e.g. HNO3 extractable. He further argued that terms as ‘active’ or 
‘mobile’ already reflect interpretations of data rather than results of actual 
measurements. IUPAC terminology recommendations do allow for functionally defined 
metal fractions, yet accentuate the necessity for harmonization of methods because the 
wide variety of procedures and their interpretation lead to incomparability of results 
(Templeton et al., 2000). In that study, fractionation is defined as “the process of 
classification of an analyte or a group of analytes from a certain sample to physical 
(e.g. size, solubility) or chemical (e.g. bonding, reactivity) properties”. A safe approach 
might be to define soil fractions operationally, as well as to add the functional 
interpretation within a given context. HNO3 as extractant has as particular benefit that 
no interference from the counter ion in mobilization of metals is expected, unlike as is 
the case for extractants such as HOAc or HCl.  
 
Barreto et al. (2004), in analogy with Fiszman et al. (1984), define the 0.1 M HCl 
extractable fraction as the metals operationally released by ‘moderate acid attack’. The 
extracting conditions are an L:S ratio of 25:1 and an equilibration time of 2.5 h. 
Considering that every g of soil is exposed to 2.5 M of H+, ‘moderate’ may be an 
unfortunate understatement in this context. 
 
The first step of the BCR sequential extraction is an acid extractable step, making use of 
a 0.11 M HOAc solution at an L:S of 40:1 and an equilibration period of 16h 
(Quevauviller et al., 1994; Davidson et al., 1994, 1999; Rauret et al., 1999). The acidic 
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effect induces dissolution of hydroxides and carbonates and increases overall metal 
solubility, whereas acetic acid as counter ion induces additional metal mobilization by 
acting as a weak complexant.  
 
3.4.5. Complexable metals 
The use of acetic acid in “bioavailability” research can be of interest, considering it is 
one of the most abundant Light Molecular Weight Organic Acid (LMWOA) in the 
rhizosphere of many plants. Complexing behaviour by this LMWOA may therefore be 
of particular interest in “bioavailability” and risk assessment of heavy metals. An 
interesting approach in this regard is to mimic soil solution levels of complexing 
LMWOA in the rhizosphere in a specifically designed extraction for “phytoavailability” 
assessment. This route is being investigated by Wang et al. (2003), who propose a 10 
mmol LMWOA extraction solution, consisting of acetic acid, formic acid, citric acid 
and malic acid at a ratio of 2:2:1:1 to estimate metal “phytoavailability” (L:S 30 ml:6.6g 
wet soil ; 12h). When correlations were compared between plant uptake and extractable 
levels with (i) the first step of the BCR protocol or (ii) the LMWOA based extraction 
solution, better results were obtained with the 10 mM LMWOA solution (Wang et al., 
2003).  
 
The use of 1 M NH4OAc as extractant (L:S 20:1, 1h) has been adopted in French 
legislation (French standard NF X 31-108; Afnor, 1994 cited in Brun et al., 2001). This 
solution can be buffered at around pH 7 to avoid carbonate dissolution for use in 
environmental studies (Baker et al., 1994; Gommy et al., 1998; Van Ranst et al., 1999) 
or at acidity levels corresponding closer with relevant values in the rhizosphere (pH 5; 
Campanella et al., 1995 ; Yu et al., 2004). 
 
Complex extraction solutions, aimed at mimicking rhizosphere effects in the soil, have 
been developed to ascertain “bioavailability” of trace metals. A mixed EDTA - 
NH4OAc extraction solution was first introduced by Lakanen & Ervio (1971). 
Complexation by EDTA and acetic acid are to simulate complexing behaviour by root 
exudates, whereas NH4
+ is capable of desorbing the exchangeable soil fraction and the 
pH simulates rhizosphere acidity. EDTA-extractions are widely used in ecochemical 
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evaluations, more particularly those involving plant uptake. The mixed EDTA – 
NH4OAc solution was found to provide a good correlation with the Zn and Cu content 
in wheat and maize (Sillanpaa, 1982). Analogously, Lindsay & Norvell (1978) proposed 
a DTPA (diethylenetriaminepentaacetic acid)-based extraction solution, buffered at pH 
7.3 to exclude effects involving carbonate dissolution. This protocol as well is widely 
used to this day, predominantly for “phytoavailability” studies. The higher pH of this 
extractant (7.3 vs. 4.65), combined with the lower chelate concentration (0.005 M vs. 
0.02 M), the lower metal complexation affinity of the chelate used (DTPA < EDTA) 
and the lower L:S ratio (2:1 vs. 5:1) result in lower extractable levels than with the 
EDTA-extractaction solution. 
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4. The use of tree species in phytoremediation 
4.1. Introduction  
Tree species have a range of characteristics, that favour their potential application in 
phytoremediation approaches. In particular, Salix spp. have been suggested as they are 
fast to propagate, achieve high annual biomass production and exhibit a good tolerance 
against metal pollution. They have been proposed both for stabilization and removal of 
contaminants from contaminated soils. An overview of the potential use of trees in 
general and Salix spp. in particular has been provided for by Vervaeke (2004). 
 
A vegetative cover can be considered as a self-sustaining cap composed of soil and 
plants. They can form an alternative to composite clay or plastic layer caps (Ettala et al., 
1988; Schnoor et al., 2000; Nixon et al., 2001). The plants control erosion and minimize 
seepage of water. The canopy of dense short rotation coppice (SRC) willow stands 
intercepts 25-30% of the rainfall during the growing season, directly evaporating it to 
the air from the leaf surfaces. In addition, potential water use by willows during the 
growing season exceeds normal water input by climatological precipitation in Europe 
(ranging between 500 – 900 mm.y-1) (Perttu, 1998). Dispersal of contaminants by wind 
erosion or runoff are prevented through the development of a high-density perennial 
root system and the accumulation of organic matter and litter on the stand surface (Ross 
et al., 1990; Stomp et al., 1993; Wilkinson, 1999). 
 
Several studies have demonstrated the capacity of Salix to accumulate Cd and Zn 
(Landberg & Greger, 1996; Lunácková et al., 2003; Roselli et al., 2003). Their use has 
been suggested to decrease plant available heavy metal load in contaminated soils 
(Punshon et al., 1995). In addition, the obtained biomass can be used for bio-fuel 
production (Hammer et al., 2003). Unlike phytoextraction approaches with agronomic 
crops, the use of woody species allows for the economic valorization of contaminated 
sites for bio-energy production. The prolonged remediation period required for 
phytoremediation techniques is generally regarded as one of the main bottlenecks 
impairing their application (Glass, 2000). Economic valorization during the remediation 
process allows for longer remediation periods. 
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4.2. Short Rotation Coppice (SRC) 
4.2.1. Introduction 
The concept of short rotation coppice (SRC) originates from the 1960s and was 
originally aimed at the production of high fiber yields of a variety of forest products 
(McAlpine et al., 1966; Herrick & Brown, 1967). With the 1973 oil crisis, interest in the 
use of SRC for bio-energy production accelerated. 
 
SRC entails the cropping of high density stands of woody species with harvest of the 
produced woody biomass at regular intervals (< 6 years). For these plantations, fast 
growing, highly productive tree species are used. Mainly willow (Salix), alder (Alnus) 
and poplar (Populus) are used (Perttu, 1998). In Flanders, particularly Populus spp. 
(Laureysens, 2004) and Salix spp. (Vervaeke, 2004) have been proposed. SRC has 
much shorter rotation periods than traditional forestry, which consists of coniferous 
trees such as pine and spruce (60 – 120 years), of broadleaf trees such as birch and 
aspen (35 – 70 years), and of hardwoods like beech, oak, etc. (100 – 200 years) (Perttu, 
1998). Also, unlike regular forestry techniques, SRC is essentially an agronomic 
system, i.e. growing trees like field crops using agricultural techniques such as site 
preparation, fertilization, weed and pest control, repetitive harvesting and respecting 
high plant densities (Cannell & Smith, 1980). The term ‘coppicing’ itself refers to the 
cutting a tree at the base of its trunk, resulting in spontaneous re-growth from the stump 
and/or roots (Blake, 1983). Coppicing at regular intervals is believed to increase 
biomass production. The regenerative capacity of willows and poplars omits eliminates 
the need to reintroduce the stand after every harvest. 
 
Salix spp. has three major characteristics which makes it particularly suitable for use in 
SRC: (i) it grows on difficult substrates such as poor or waterlogged soils, (ii) it roots 
easily from cuttings and (iii) it has a recurring capacity to resprout from cut stumps. The 
SALIMAT technique (cfr. also Chapter 4) further allows for introduction of a stand 
with high density on wet, inaccessible wet substrates (De Vos, 1996). Vervaeke et al. 
(2003) also demonstrated that this technique could be applied to contaminated dredged 
sediment disposal sites.  
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4.2.2. Agronomic aspects 
SRC crops are generally initiated from ‘cuttings’. These are young willow or poplar 
shoots uniformly cut at lengths of about 20 cm in length and at around 0.5-1.5 cm in 
diameter. Prior to planting, the soil should be deep ploughed as root and shoot 
development is retarded in compact soil (Laureysens, 2004). However, on freshly 
dredged sediments the use of SALIMATS allows for a rapid stand development without 
the possibility or need for field preparation (Chapter 4). Weeds compete for water, 
nutrients and light, resulting in reduced growth and even mortality. Weed control is of 
particular concern in the initial year after establishment and after every harvest. Again, 
when starting from freshly dredged conditions with SALIMATS (Chapter 4), 
competitivity with other plant species proved to be of less concern in the initial stages 
due to the incapacity of herbaceous weedy species to colonize the waterlogged dredged 
sediment environment. Pests such as insects, rabbits or pathogens can severely affect 
yield and should be actively combated to avoid growth depression or even die-back. 
 
The cuttings are usually established at 10,000 – 20,000 ha-1 for rotations shorter than six 
years and 1,200 – 1,400 ha-1 for longer rotations (6-10 year) (Laureysens, 2004). The 
use of SALIMATS induces initial plant densities in the 105 – 106 ha-1 range, yet this 
density rapidly dwindles in subsequent year due to competition (self-thinning) 
(Vervaeke, 2004). 
 
Intensive biomass production results in the export of considerable masses of macro- and 
micronutrients, requiring compensation by additional fertilization. Jug et al. (1999) 
reported removal of  90 – 270 kg.ha-1 N, 15 – 45 kg.ha-1  P, 30 – 180 kg.ha-1 K, 55 – 
350 kg.ha-1 Ca and 5 – 25 kg.ha-1 Mg over a rotation period of five years when only the 
shoot axes are removed in winter. However, SRC for phytoextraction purposes will also 
include export of foliar material as prerequisite for optimal removal (Dickinson & 
Pulford, 2004). Vervaeke et al. (2001) reported levels of 27.9 – 35.5 g.kg-1 N, 2.6 – 8.4 
g.kg-1 P, 18.5 – 21.5 g.kg-1 K, 9.8 – 17.7 g.kg-1 Ca, 1.6 – 2.9 g.kg-1 Mg in leaves of S. 
fragilis and S. triandra grown in SRC on a dredged sediment disposal site. The relative 
importance of foliar material in relation to total aboveground biomass was observed to 
situate between 24-28% for Salix viminalis and at around 38% for Salix dasyclados (cfr. 
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Chapter 4 and 5). This implies an additional nutritional requirement to compensate for 
the export of the foliar material in the range of 54 – 162 kg.ha-1 N, 5 – 8 kg.ha-1P, 36 – 
98 kg.ha-1 K, 19 – 81 kg.ha-1 Ca, 3 – 13 kg.ha-1 Mg. The high nutritional demands could 
help to alleviate the problems involved with massive surpluses in animal manure 
production in Flanders and the Netherlands. Animal production currently faces the 
obligation to process the overproduction in animal manure by using expensive treatment 
processes. The costs for processing amount to 20 – 37 € per m3 of animal manure 
(Feyaerts et al., 2002). Based on mean manure composition and allowable levels of 
fertilization in regards with N and P input, each hectare of intensive SRC could annually 
receive about 25,000 – 30,000 l of pig manure when bringing moderately contaminated, 
currently unused land into production. However, when phytoextraction of Cu and Zn is 
intended input of pig manure is not desirable due to naturally elevated levels of these 
metals in pig manure. High chloride content and dissolved organic carbon could 
potentially help to increase plant availability of metals in the rhizopshere. Almas & 
Singh (2001) reported increased accumulation of Cd and Zn by ryegrass upon addition 
of pig manure. Japenga et al. (1992) also observed increased uptake following 
application of pig manure, cattle manure and the liquid fraction of pig manure. Patel & 
Patel (1992) reported increased Zn uptake in Sorghum bicolor after treatment with 
farmyard manure. Harvest of SRC crops is performed in analogy with ordinary 
agronomic practices (Fig. 2.15.). Harvest is combined with instantaneous wood 
chipping.  
 
4.2.3. Biomass production 
Extensive forestry achieves annual dry weight productions of 8 – 12 ton dry weight per 
ha (Cannell & Smith, 1980; Hansen, 1991). Perttu (1998) estimated that improving 
cropping practices and selection of plant material used will increase average annual 
productivity to 12 – 14 t.ha-1 over the next 10 – 20 years. Implementation of intensive 
farming techniques could further enhance productivity to 20 – 25 t.ha-1 per year 
(Heilman & Stettler, 1985; Heilman et al., 1987; Scarcascia-Mugnozza et al., 1997), but 
can induce a bigger strain on the environment.  
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A number of investigations in this regard have been recently conducted in Flanders. 
Laureysens et al. (2004) described the biomass production of 17 poplar clones on a 
waste disposal site, in relation to soil characteristics. They observed maximum obtained 
annual yields of 8.0 – 11.4 t.ha-1 (dry matter) in good performing clones on a sandy soil, 
which was virtually unpolluted with heavy metals. Vervaeke et al. (2001) described 
biomass production by willows on a freshly dredged sediment disposal site by applying 
the SALIMAT technique and observed an average annual yield of 12.4 t.ha-1 (dry 
matter). Field observations for biomass productivity made in the current study (Chapter 
4) were slightly higher, attaining levels of 10.5 – 14.1 t.ha-1 dry weight stem production 
or 13.2 – 17.8 t.ha-1 when including foliar material. 
 
4.2.4. Bioenergy  
The European Union aims to increase energy production based on renewable sources to 
12% by 2010. To meet Belgian targets, Flanders needs to increase its electricity being 
generated from renewable source to 3% by 2004 and to 5% by 2010 (Vlaams 
Electriciteitsdecreet, 2000). Energy production based on renewable sources in 2003 was 
432 GWh, which constitutes for only 0.5-0.75% of the total energy production. 
Although generation of wind energy is more visually pronounced in the landscape, it 
only accounted for about 50 GWh whereas energy based on biomass and biogas 
accounted for almost five times this production (Couder et al., 2004).  
 
Energy production based on wood can be achieved by two possible means: (i) co-
generation and (ii) wood gasification. Co-generation implies mixing of wood chips 
and/or pellets with coal to produce electricity. This approach is cleaner, cheaper, and 
more environmentally acceptable than coal alone (Licht & Isebrands, 2005). Willow 
wood is also a widely used biofuel in gasification installations for electricity and heat 
production (Senelwa & Sims, 1999). Gasification by means of the pyrolysis process 
implies conversion into biogas under anoxic conditions and at lower temperature.  
 
Fig. 2.15. presents an overview of small scale energy conversion of woody biomass 
(100 kWe – 1 MWe; Xylowatt, 2005). The mean observed conversion rates, correspond 
with 9 MJ of heat energy and 1.2 kWh of electrical energy per kg of dry weight 
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biomass. This process is considered to be CO2 neutral, because the CO2 emission during 
the energy production is metabolised by photosynthesis during biomass production 
(Mitchell et al., 1991). Energy plantations therefore help countries decrease their 
greenhouse gas emissions in accordance with the Kyoto Protocol (Tuskan & Walsh, 
2001). Biomass as an energy source has the added advantage over fossil energy sources, 
that it contains virtually no sulphur giving rise to substantially lower SOx emission 
during energy production (Isebrands & Karnosky, 2001).  
 
A small installation (150 kW) running at 100 h.y-1, can process 120 t of air dry weight 
biomass. The energy content of this biomass corresponds with 5.3 tons of oil equivalent 
which is equivalent with a reduction in 20 t of CO2 emission. Small scale installations 
have the added benefit over larger systems that they can be implemented locally at or 
near the phytoremediation itself, shortening the supply chain and reducing 
transportation costs. These costs are generally conceived as the major cost in bio energy 
production operations (Gigler et al., 1999). Koppolu et al. (2004) are also moving 
towards the concept of constructing a portable pyrolysis unit for processing of 
phytoremediation derived biomass. 
 
The production of willow biomass on metal contaminated sites could possibly result in 
the accumulation of metals in the different ash fractions and/or losses to the atmosphere. 
Only if the wood conversion and the produced metal enriched solid residues can be 
managed in an economically environmental sound manner, will biomass production in 
phytoremediation projects be a sustainable technology that contributes to a solution for 
contaminant land restoration (Vervaeke, 2004). Elements such as Cd or Zn have a low 
boiling temperature (respp. 765°C, 907°C) and require particular attention to avoid 
emission to atmosphere while processing contaminated biomass. However, anoxic 
pyrolysis for wood gasification is conducted at lower operational temperatures than 
combustion under oxic conditions effectively reducing risks for emission. Helsen et al. 
(1997) conducted experiments with low temperature pyrolysis (350°C for 20 min) 
performed on biomass containing high levels of Cr, Cu and As and concluded that most 
of these metals were retained within the pyrolysis residue. Koppolu et al. (2004) 
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observed that biomass enriched with Cu, Zn or Ni resulted in 99% of these metals 
present in the solid char stream after pyrolysis at 600°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.15. Small scale conversion of biomass into renewable energy: SRC is 
periodically harvested by regular agronomic practices, ground to wood chips during 
harvest which are subsequently fed to a small-scale pyrolysis (gasifier) system; the 
gasifier converts the biomass to an energy rich biogas, which is finally used to produce 
electricity and heat in a gas engine (Xylowatt, 2005) 
 
 
Vervaeke (2004) evaluated metal fractionation after pyrolysis of moderately 
contaminated willow biomass and found that Cu and Zn were recovered for 80-100% in 
the solid fractions, while recovery of the other metals under evaluation (Cd, Ni, Cr, Pb) 
were low (30-40%). This may be due to higher operational temperatures, with 1000 – 
1200°C in the boiler section and 600-800°C in the ash cyclone. High temperature in the 
boiler section may induce evaporation of volatile metals, while high temperature in the 
cyclone may prevent precipitation and recovery in the cyclone ash. Also, closure of the 
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mass balance was hampered by low total mass for these four metals in the system. For 
example, only 1 g of Cd had to be accounted for on 269 kg of wood biomass, distributed 
over bottom ash, filter ash and cyclone ash. Finally, in that evaluation no measurements 
were conducted on heavy metals present in the water of the scrubber, used for post-
treatment (cleaning) of the produced gas. 
 
4.3. Phytoextraction with Salix spp. 
4.3.1. Metal tolerance 
The genus Salix is a large, taxonomic genus. Depending on taxonomy used, 350-500 
different species exist worldwide (Pohjonen, 1991; Argus, 1999). Metal tolerance in 
Salix spp. is thought to occur mainly through phenotypic plasticity and the ability to 
adapt to elevated levels of metals, rather than through genotypic variation (Dickinson et 
al., 1991; Landberger & Greger, 1996). The wide genome of trees and facultative 
tolerance, such as the redistribution of roots to less contaminated zones of soil, allows 
survival of trees not selected for metal tolerance on polluted soils (Pulford & Watson, 
2002). Punshon & Dickinson (1997) demonstrated that resistance to heavy metals could 
be increased by gradual acclimation of the trees to metal stress. 
 
There are a number of strategies which plants can employ to enhance tolerance against 
toxic compounds such as heavy metals. An important mechanism is immobilization of 
the contaminant through binding with cellwalls, sequestration in vacuoles or 
complexation with metallothionein-like proteins in the cytoplasm (Kahle, 1993). Other 
strategies include avoidance, excretion or exclusion (Baker, 1981). Avoidance of zones 
with elevated pollutant levels in the soil by tree roots is an important mechanism 
(Dickinson et al., 1991; Watmough & Dickinson, 1995). 
 
Punshon (1996) performed hydroponic experiments in nutrient solution (25% 
Hoagland) to ascertain the capacity of willows to tolerate elevated levels soluble of 
heavy metals. Similar tolerance experiments were repeated in 25% Hoagland solution 
containing a broader range of heavy metals (this study, data not published). Table 2.5. 
exhibits findings by Punshon (1996) and the findings from the current study for metal 
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Punshon (1996) This study
EC100 (mg.l
-1
) EC100 (mg.l
-1
) D(mg.l
-1
)
Cu > 1 1 0.25 - 0.50
Cd > 1 10 5
Zn 50 > 20 5 - 10
Ni 5 NA NA
NA: not assessed
tolerance in S. viminalis. In the current study the willows proved to be highly tolerant to 
elevated levels of Cd and Zn yet exhibited some sensitiviy towards Cu. 
 
Table 2.5. Tolerance of S. viminalis to heavy metals in hydroponic solution (25% 
Hoagland); EC100 indicates metal concentrations (mg.l
-1) which induced 100% 
mortality, D indicates concentrations (mg.l-1) for which growth depressions became 
statistically significant (α = 0.05) 
 
 
 
 
 
 
4.3.2. Metal compartmentalization within trees 
As already discussed (Section 3.2.), heavy metal translocation is limited by protective 
mechanisms in the roots. In regards with aboveground compartmentalization, numerous 
studies have shown that accumulation predominantly occurs in actively growing tissues 
(Pulford & Watson, 2002). Riddell-Black (1994) observed foliage concentrations to be 
greater than stem concentrations for four species of willows grown on sludge amended 
soil. Bark concentrations in 20 tested willow varieties were found to be consistently 
higher than wood concentrations for all heavy metals grown on a sludge amended soil 
(Pulford et al., 2002). Sander & Ericsson (1998) found concentrations of Zn, Cu, Ni and 
Cd in stems of S. viminalis to increase significantly with height, thought principally as a 
consequence of increasing bark proportions. As the stem narrows towards the shoot top, 
the proportion of the bark increases, which generally contains a greater concentration of 
plant nutrients than wood (Hytönen et al., 1995; Riddell-Black et al., 1997). Vervaeke 
(2004) also found systematically higher concentrations of heavy metals in leaves and 
bark as opposed to wood in Salix fragilis and Salix triandra grown on a moderately 
contaminated dredged sediment derived surface soil. Leaves and bark were often 
characterized by similar concentrations. A similar observation is made in this study (cfr. 
Chapter 4). 
 
Vervaeke (2004) reported increased foliar concentrations of heavy metals towards the 
end of the growing season. Other authors also reported increased concentration prior to 
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senescence (Ross, 1994; Riddell-Black, 1994; Hasselgren, 1999). This has been 
interpreted as metal shunting, occurring in the plant tissues, as a possible detoxification 
effect in connection with defoliation in autumn (Pulford & Watson, 2002). Laureysens 
et al. (2005) also found significantly higher levels of heavy metals in senescing leaves 
of poplars compared to leaves sampled during the growing season. 
 
Klang-Westin & Eriksson (2003) estimated that the percentage of foliar Cd, expressed 
as relative fraction of total shoot content, varied between 21-48%. Short rotation 
coppice of willows under optimal conditions for biomass production employs rotation 
periods of 3-5 years. However, this would imply that foliar matter would not be 
harvested and exported off-site. In order to assure removal of the metals contained 
within the leaves, annual harvest might be required before senescence and leaf fall. The 
effect of one year rotations and harvest during the growing season, rather than during 
winter, on plant vigour, biomass production and the capacity for spontaneous regrowth 
needs to be assessed. Sennersby-Forsse et al. (1992) stated that cutting willows during 
the growing season may result in physiological disorders and may severely affect 
resprouting. Kopp et al. (1997) reported significantly lower yields in three years of 
annual willow harvesting compared to the production measured when a three year 
period is applied. Stump mortality due to repeated harvests can be another cause for 
decreasing yields (Harrington & DeBell, 1984). Results from Sweden suggest that 
rotation lengths from four to six years result in larger mean annual increments 
(Willebrand et al., 1993), although it is possible that the impact of shorter rotation 
periods may be lower in more temperate regions of Western Europe. Hammer et al. 
(2003) demonstrated in a field trial that Salix could be clearfelled every year, prior to 
leaf senescence and leaf fall, while still producing an increasing annual biomass.  
 
Vervaeke (2004) observed that metal concentrations in willow biomass compartments 
decreased with stand age. The relative fraction of bark in comparison total stem weight 
(excluding foliar material) decreased from 20-22% in one year old stands to 10-15% in 
four year old stands. The decrease in relative importance of bark versus total biomass is 
of particular importance as bark tends to accumulate higher concentrations of metals. 
Hammer et al. (2003) also reported decrease in foliar and stem concentrations of Cd and 
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Zn with increasing stand age over a period of 5 years on a calcareous and an acidic soil. 
Hasselgren (1999) observed lower stem metal content with aging of willow stands. This 
in addition to the need to remove foliar material (cfr. supra) implies that for optimal 
extraction efficiency sufficiently short rotation periods should be selected for 
phytoextraction purposes. 
 
4.3.3. Phytoextraction of heavy metals 
Several studies have shown that Salix spp., with S. viminalis and S. dasyclados in 
particular, exhibit the capacity to accumulate high levels of Cd and Zn (Brieger et al., 
1992). In this context, they have been suggested for phytoextraction of these metals 
from contaminated soils (Greger & Landberg, 1999). Punhson & Dickinson (1997a) 
showed that they can easily adapt to their environment and acclimate to high levels of 
Cd. Punshon & Dickinson (1997b) reported S. cinerea trees growing on mine spols with 
stem concentrations of up tot 76mg.kg-1 Cd and 157 mg.kg-1 Pb. 
 
Klang-Westin & Eriksson (2003) estimated annual Cd removal in the range of 5 – 17 
g.ha-1, which would imply an average decrease with 0.001 – 0.005 mg.kg-1 in the top 
soil layer (25 cm). Hammer et al. (2003) reported removal of 170 g.ha-1 Cd and 13.4 
kg.ha-1 Zn after five years on a calcareous soil and 47 g.ha-1 Cd and 14.5 kg.ha-1 Zn 
after two years on an acidic soil. This would correspond with average annual decreases 
in the top soil layer with 0.007 – 0.010 mg.kg-1 Cd and 0.8 – 2.1 mg.kg-1 Zn. Vervaeke 
(2004) stated that only Cd was sufficiently removed from moderately contaminated 
dredged sediment to consider for phytoextraction. Estimated annual removal from the 
top soil layer was 0.070 mg.kg-1 Cd. Laureysens et al. (2005b) described relatively high 
Cd and Zn accumulation in SRC with poplar trees grown on a household waste disposal 
site, estimating removal of 47-57 g.ha-1 Cd and 2.0-2.4 kg.ha-1 over a period of two 
years. This would imply annual reduction in the plough layer with 0.007 – 0.008 mg.kg-
1 Cd and 0.29 – 0.34 mg.kg-1 Zn.  
 
All of the above mentioned studies only observed marginal decreases for Cd and/or Zn. 
Phytoextraction in the observed performance range can only be considered as 
sustainable when the produced biomass can be economically valorized, allowing for de 
facto soil use at the contaminated site during decontamination. 
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5. The use of soil amendments for enhanced phytoextraction   
5.1. Introduction 
The use of soil amendments to increase the “phytoavailability” and/or translocation of 
heavy metals has been suggested in numerous publications (Cooper et al., 1999; 
Blaylock & Huang, 2000; Jiang et al., 2003). EDTA in particular has received much 
attention as a soil amendment in phytoextraction research. It is a complexing agent 
which has been used as an additive in micronutrient fertilizers in agriculture since the 
1950s (Bucheli-Witschel & Egli, 2001; Wallace et al., 1992).  
 
A number of other substances have also been reported in literature which could be used 
to render soil trace metals more “phytoavailable”: (other) synthetic APCAs (Huang et 
al., 1997; Cooper et al., 1999; Bucheli-Witschel & Egli, 2001;  Shen et al., 2002), 
organic acids (Huang et al., 1998 ; Ebbs et al., 1998), chlorides (Gambrell et al., 1991; 
McLaughlin et al., 1994; Norrström & Jacks, 1998; Maxted et al., 2001), ammonium 
isothiocyanate (Brooks et al., 1998; Glass, 1999), sodium cyanide (Anderson et al., 
2005), elemental sulphur (Kayser et al., 2000), fluoride solutions (Totsche et al., 2000), 
hydrogen peroxide (Qi et al., 2004), ammonium fertilizers (Brown et al., 1994b; 
Blaylock & Huang, 2000; McGowen et al., 2001 ; Högborn et al., 2001; Singh & 
Kashem, 2002), macronutrient cations (Lorenz et al., 1994; Singh & Kashem, 2002), a 
number of organic amendments (Japenga et al., 1992 ; Giuscuiani et al., 1992; Richards 
et al., 1996; Ebbs & Kochian, 1997; McBride, 1998; Almas & Singh, 2001; Shtangeeva 
et al., 2003) and more recently naturally occurring aminopolycarboxylic acids (EDDS) 
(Lestan & Grcman, 2002; Bucheli-Witschel & Egli, 2001). Some of these compounds 
show great potential to substitute or complement mobilization by EDTA. In the 
following sections, the effect of these potential amendments on heavy metal mobility 
and uptake are discussed in further detail. 
 
5.2. Fertilizers 
5.2.1. Phosphorus fertilizers 
Phosphate addition reduces heavy metal solubility and “bioavailability” by formation of 
insoluble metal-phosphate minerals and by increase of soil pH (Ma et al., 1995; 
McGowen, 2001). Chemical immobilization research has included the use of mineral 
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apatite (Chen et al., 1997; Ma & Rao, 1997), synthetic hydroxyapatite (Arey et al., 
1999; Seaman et al., 2001) and diammonium phosphate (McGowen et al., 2001). 
Kaushik et al. (1993) stated that high P levels may cause a redistribution of trace 
elements among various forms in soils resulting from changes in surface properties of 
soil colloids. Metal fractionation of Cd, Cu and Zn altered with increasing contaminant 
fractions in the more labile soil fractions (soluble & exchangeable) and in the 
intermediately soluble forms (amorphic Fe oxides) with increasing P-levels. 
 
Hydroxyapatite proved to reduce the solubility of Al, Ba, Cd, Co, Mn, Pb, U and Ni, yet 
to increase solubility of As and to a lesser extent Cr (Seaman et al., 2001). Increased 
elution of As and a similar decrease for Zn, Cd and Pb was also encountered upon the 
application of diammonium phosphate to a smelter contaminated soil (McGowen et al., 
2001). It is considered likely that increased sorption competition between PO4 and 
possibly native humic substances (cfr. infra) with the oxyanion species of As and Cr 
leads to increased solution concentrations (Seaman et al., 2001). This finding is of 
interest for phytoextraction of these trace contaminants. Additionally, the same authors 
reported increased dissolved organic carbon with increasing soluble PO4 in the soil. The 
increased solubilization of organic matter with hydroxyapatite addition could be caused 
by (i) PO4 competition with anionic organic acids and humic substances for sorption 
sites, (ii) enhanced solubility of humics with increasing pH or (iii) precipitation of PO4 
with cations that otherwise would act to coagulate soluble organics.  
 
Reversely, observation concerning increased heavy metal uptake have also been made 
upon P fertilization. Andersson & Simon (1991) reported an increased Cd uptake upon 
P fertilization. Tamas (1993) observed an increased uptake for Zn in Z. mays, yet a 
decrease for Cd, Cu, Ni and Pb. In sandy soils, an increase in Cd-levels was also 
observed following P-fertilization. Onyatta & Huang (2002) proposed phosphate 
induced Cd release from three tropical soils under study, based on Cd release by a 1 M 
NH4H2PO4 extraction as compared to extraction by deionized water, to simulate 
mobilizing effects around fertilizer granules. The presented evidence however is 
circumstantial and it can be argued that a mobile and exchangeable element as Cd 
would undoubdetly respond to a larger extent to an extraction solution with high saline 
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strength in comparison to water extraction. Increased uptake of heavy metals after 
fertilization by inorganic P fertilizers, could possibly be attributed to more available 
pools present in the fertilizers themselves. 
 
5.2.2. Nitrogen fertilizers 
Application of ammonium based fertilizers can potentially acidify the soil (McGowen et 
al., 2001) with possible mobilizing effects on trace metals. NH4
+ ions in N-fertilizers 
can decrease pH in the top soil layer by (i) nitrification, (ii) cation exchange with 
protons adsorbed to the soil CEC causing their release in the soil solution, (iii) H+ 
release by plants upon uptake of NH4
+. Acidification in the top soil in turn may lead to 
increased heavy metal solubility and plant availability. Fertilizer cations can also 
function to displace heavy metals adsorbed to the soil matrix by cation exchange. 
Finally, improved nutritional state and plant vigour can increase plant tolerance, uptake 
of heavy metals and biomass production. 
 
Högbom et al. (2001) reported an unexpected increase in concentrations of transition 
elements in soil water extracted by lysimeters upon Ca(NO3)2 and NH4NO3 application 
at a dose of 150 kg ha-1 N. The measured Cd-levels were well above legal health limits 
for drinking water (5 µg.l-1) and therefore cause for some concern. The N-application 
resulted in increased concentrations of nitrate and a pulse of acidity through the soil 
profile, which increased solubility of Cd, Zn and Al. Brown et al. (1994b) reported that 
fertilizer N sources increase Cd concentration of durum wheat in growth chamber 
studies in the order : Ca(NO3)2 = urea > (NH4)2SO4.  
 
Lorenz et al. (1994) reported an increase of both major elements and heavy metals in the 
soil solution upon addition of fertilizer cations (K+ and NH4
+), in turn resulting in 
increased plant uptake. Cations may serve to increase heavy metals in the soil solution 
by competing for soil adsorption places. Ion exchange has been proven to play an 
important role between NH4
+ and K+ with the radionuclide Cs in increasing Cs levels in 
the soil solution (Blaylock & Huang, 2000). Increased solubility of Cu by formation of 
strong amino complexes by applied NH4
+ has been proposed by a number of authors 
(Gupta & Aten, 1993; Lebourg et al., 1998; Pueyo et al., 2004).  
Chapter 2. Literature review 
 58 
A study by Singh & Kashem (2002) reported increased solubility of Cd, Zn and Ni in 
soil solutions and their uptake by water spinach and radish plants following fertilization 
with NH4NO3 and KNO3. This increase in solubility was more pronounced in pots with 
water spinach, because this species caused greater reduction in pH values of both soil 
and soil solution. Cd and Zn were taken up rapidly but the supply of Ni was in excess of 
that taken up by the plants. Blaylock & Huang (2000) compared the effects of applying 
synthetic chelates, organic acids, P- & NH4-fertilizers on Cs desorption from the soil 
matrix into the soil solution. For the amendments tested, the NH4-fertilizers (NH4N03 
and (NH4)2SO4) proved very effective in Cs-mobilization to the soil solution whereas 
organic acids and synthetic chelates had no significant effect. These authors reported 
significant increase in Cs-extraction by five plant species under study following 
(NH4)2SO4 application at a rate of 10 mmol.kg
-1 soil: a 12-fold accumulation was 
encountered in Z. mays. 
 
Verloo et al. (1992) studied the uptake of the heavy metals Zn, Cu, Pb and Cd by 
Spinacea oleracea and Z. mays upon addition of Hortrilon (a micronutrient fertilizer 
containing 38% EDTA), (NH4)2SO4, NH4NO3, ureum and Ca(NO3)2 and concluded that 
these had no significant effect when applied in accordance with the relevant legal 
criteria. Lasat et al. (1998) likewise observed no effect of NH4NO3 on Cs-uptake by B. 
juncea, Amaranthus retroflexus and Phaseolus acutifolius. 
 
5.2.3. Organic fertilizers 
The addition of organic matter to the soil generally leads to a decreased availability of 
heavy metals in the soil. Biosolids add adsorptive phases to soils, which reduce metal 
availability to plants (Li et al., 2001). Humic acids can form insoluble complexes with 
heavy metals and reduce their availability (Stevenson & Ardakani, 1972). However, 
composts, sludges or organic fertilizers can also increase dissolved organic components 
which can increase solubility of heavy metals by complexation. Also, a decrease in pH 
upon application of organic fertilizers can lead to increased metal solubility. 
Improvement of the soil structure might allow for better root development in compacted 
soils, while the enhanced nutritional state may have beneficial effects on tolerance and 
uptake of heavy metals as well as on biomass production (Ebbs et al., 1997). In general, 
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more stabilizing effects are reported in the literature than mobilizing effects on heavy 
metals after addition of organic matter to the soil, although a number of papers, 
specifically those involved with non-mature composts, fresh animal manures and such 
describe mobilization rather than stabilization of heavy metals in soils (Petruzelli et al., 
1992; Christensen et al., 1996). 
 
Ebbs et al. (1997) evaluated the effect of three commercial fertilizers on 
“phytoavailability” of Cd and Zn and their uptake by Brassicaceae: Gro-Power, Glacier 
Gold and N-Viro.The three soil amendments modestly (10%) but significantly increased 
the level of available Zn in the soil. Only Gro-Power had a significant effect on Zn 
accumulation in the shoot: concentrations doubled in the various Brassica spp. 
Although Gro-Power had no effect on the “phytoavailable” amount of Cd, it did 
increase Cd extraction by all species under study. However, the increase was only 
significant in B. juncea. The authors proposed several mechanisms for the observed 
increase in Zn accumulation: one possible explanation was that the amendment 
decreased soil pH sufficiently to increase “bioavailability” of Cd and Zn. Supporting 
this hypothesis was the observed increase in both Zn availability in the soil and the 
uptake in the plant. However, both the other fertilizers tested, increased Zn availability 
in the soil without increased uptake, suggesting other mechanisms might be at work. Of 
the three fertilizers under study, Gro-Power was the only fertilizer containing a soil 
penetrant (1.0 % alkyl naphtalene sodium sulfonate). The fertilizer might function to 
reduce soil-compaction in the used substrate, allowing for more thorough root 
development. Finally, Gro-Power may have functioned to improve the micronutrient 
status of the plant.  
 
Dhillon & Dhillon (1993) observed that application of green manure resulted in an 
appreciable increase in the translocation of Zn, Cu, Fe and Mn in Z. mays. Giusquiani et 
al. (1992) observed an increased metal mobility upon addition of compost, caused by an 
increase in dissolved organic matter. Richards et al. (1996) and McBride (1998) 
reported that the addition of stabilized sludge brings complexed metals into the soil 
solution by an increase in dissolved organic carbon. Christensen et al. (1999) observed 
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that at relatively low dissolved organic carbon (40 mg.l-1) levels in landfill leachate 
polluted groundwater, 85% of the Cu and Pb were bound in the DOC complexes. 
Almas & Singh (2001) reported an increased uptake of Cd and Zn by ryegrass upon 
addition of 4% pig manure. The authors attributed the increase in plant uptake to the 
formation of soluble and plant available organic metal complexes. Similar conclusions 
were reached by Japenga et al. (1992) after application of pig manure, cattle manure and 
the liquid fraction of pig manure. The application of liquid animal manure resulted in 
the solubilization of adsorbed and precipitated heavy metals, leading to enhanced 
mobility or plant uptake. Long term monitoring (100 days) of pH, nitrate, ammonium 
and dissolved organic carbon upon application lead to interesting patterns. Initial 
increase in pH inverted from day 20 onwards resulting in a pH-decrease by 2 points (7.0 
to 5.0) when compared to initial values. Initial increases in dissolved organic carbon 
were degraded from day 50 onwards. Patel & Patel (1992) observed higher Zn uptake 
by Sorghum bicolor in treatments receiving farmyard manure and ZnSO4 than 
treatments receiving no farmyard manure.  
 
Kaschl et al. (2002) evaluated the speciation of organic complexes with Cd in compost-
amended soils. In their study, Cd demonstrated a tendency to preferably associate with 
larger humified and less soluble organic materials such as humic acids and fulvic acids. 
These findings illustrated the increased Cd-binding and -adsorption capacity of the soil 
following addition of compost, which in turn prevented leaching. However, several 
dissolved organic matter fractions also demonstrated strong binding capacities, 
underlining their importance in the presence of Cd in the soil solution. Vacha et al. 
(2002) evaluated a number of organic and inorganic amendments to immobilize As, Cd, 
Pb and Zn in the soil and concluded that the composition and quality of the organic 
additives strongly influenced stabilizing or mobilizing effects. The use of acid peat in 
both pot and field experiments increased the mobility and transfer of Cd, Zn and Pb into 
plants. The application of high doses of dung and green manure increased the mobility 
of hazardous elements in the soil. Kalbitz & Wennrich (1998) stated that dissolved 
organic carbon is a key variable to assess soil mobility of Cr, Cu, Hg and As. In contrast 
Zn and Cd mobilization depended more on soil pH. Yang et al. (2002) reported that Cu 
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decreased in the soil solution upon compost-amendment at rates lower than 0.5%, yet 
dramatically increased at rates higher than 0.5%, especially in acid sandy soils. 
 
The organic matter content and the soil pH – which are both influenced by a sludge or 
compost application – determine in an important way cation absorption by plants. 
Rather than leading to mobilization and increased “phytoavailability”, an increase in 
organic matter can result in a stabilizing effect on heavy metal availability. Lactuca 
sativa, Spinacia oleracea, Daucus carota and Beta vulgaris grown on soils amended 
with sludge displayed a decrease in Pb-uptake, compared to the untreated controle 
(Biocycle, 1992). Organic matter complexes Cu and decreases its availability and 
potential phytotoxicity (Woodbury, 1992). Mani & Bolan (2002) reported a decrease in 
Cu uptake by B. juncea. Availability of Zn can be reduced by organic matter application 
by the formation of insoluble organic Zn complexes with humic acids (Stevenson & 
Ardakani, 1972). Kiikilä et al. (2001) treated a Cu/Ni polluted soil with a mixture of 
compost and wood chips. Dissolved organic carbon and complexed Cu in the soil 
solution increased, while free Cu2+ and toxicity to soil microbiota decreased 
dramatically. The soil pH increased with one unit (from 4.1 to 5.3) causing an additional 
decrease in Cu-solubility. Li et al. (2001) related Cd availability in the soil directly to 
soil organic matter, stating that plant Cd uptake increased with an increasing                    
ratio Cdsoil / Organic C.  
 
5.3. Organic acids and amino acids 
5.3.1. Organic acids  
The role of root exudates containing organic acids, acid phosphatases, phenolic 
substances and phytosiderophores in the plants capacity to acquire essential nutrients 
from sparingly soluble forms in the soil is well established (Poschenrieder & Barcelo, 
2002; Khan et al., 2000). Phytosiderophores are the best known example of root 
exudates, released for enhanced Fe-uptake by grasses (Strategy II plants; cfr. also 
section 3.2.2. in this Chapter).  
 
Both plants and rhizosphere microorganisms are known to release Low Molecular 
Weight Organic Acids (LMWOAs) in order to increase mineral nutrient solubility by 
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acidification and formation of organic-mineral complexes (Lombnaes et al., 2002). The 
concentration of LMWOAs in the soil solution is usually low (10-7 – 10-6 M; Ström et 
al., 2001; Ryan et al., 2001) but greater amounts (10-4 – 10-3) are found in the 
rhizosphere of some crop plants with cluster roots (Ryan et al., 2001). Typically, 
organic acids constitute 5% to 10% of the total organic carbon in soil solution (Pohlman 
& McColl, 1986; Krzyszowska et al., 1996; Shen et al., 1996). 
 
The rhizosphere is a habitat of intense biological activity, in which LMWOA-
concentration are much higher than in the bulk soil. Oxalic, malic and tartaric acid are 
widely present in rhizosphere soil either derived from lysis of microbial cells or by 
secretion by cereals and solonaceous plants (Pigna et al., 2002). Among root exudates, 
an extensive range of acids can be encountered such as acetic acid, oxalic acid, tartaric 
acid, malic acid, citric acid, propionic acid and lactic acid (Koo et al., 2001). They 
function as natural chelating agents, capable of solubilizing mineral soil components 
such as heavy metals (Wasay et al., 1998). A number of authors suggest that organic 
root exudates may also play a role in detoxification of potentially phytotoxic trace 
elements such as Al and Pb (Ryan et al., 2001; Poschenrieder & Barcelo, 2002). 
Detoxifying effects can presumably be attributed to either a decrease in free ion activity 
or to exclusion of the metal complexes.  
 
To describe the stability of a metal-ligand complex, the equilibrium constant K is used. 
This value expresses the ability of organic ligands to chelate and thus solubilize heavy 
metals or exchangeable bases. The constant is defined as Eq. 2.5. Observed stability 
constants for some light molecular weight organic acids and soil derived fulvic acid are 
presented in Table 2.6. For comparison with EDTA, NTA or EDDS we also refer to 
Table 2.7. (cfr. infra).  
 
         (Eq. 2.5.) 
   
   With.  [M] = Concentration of the metal ion (M) 
    [L] = Concentration of the ligand (L) 
    [ML] = Concentration of the ligand-metal complex (M) 
K =
[ML]
[M] [L]
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Acetic Citric Oxalic Soil derived
acid acid acid fulvic acid
Mg
2+
0.5 - 1.3 3.3 - 3.4 2.8 - 3.4 2.1 - 2.2
Ca
2+
0.5 - 1.2 3.2 - 3.5 1.7 - 3.0 2.9 - 3.4
Mn
2+
0.7 - 1.4 3.7 - 4.2 3.2 - 4.0 3.7 - 7.8
Zn
2+
0.9 - 1.9 5.9 6.2 - 7.7 3.7
Co
2+
0.7 - 1.5 4.8 - 5.0 3.3 - 4.7 3.7 - 4.2
Cu
2+
1.8 - 3.6 4.8 - 5.0 9.2 - 10.3 8.7
Pb
2+
3.0 - 5.1 5.9 - 6.1 5.5 - 6.8 6.1 - 10.1
Cd
2+
1.2 - 3.2 4.5 4.1
Al
3+
11.1
Fe
3+
3.2 - 3.4 11.2 - 11.5 7.5 - 7.6 6.1
Ni
2+
0.7 - 1.4 5.1 - 5.4 3.7 - 5.2 3.2 - 4.2
Table 2.6. Stability constant values of various metals with organic ligands (Ochoa-Loza 
et al., 2001) 
 
 
 
 
 
 
 
 
 
 
Under P deficient conditions, plants are observed to exude malic acid, citric acid and/or 
acid phosphatases (Khan et al., 2000). Citrate release from cluster roots enhances P 
mobilization (Poschenrieder & Barcelo, 2002). Hens et al. (2002) observed drastic 
increases in soil solution P concentrations upon citric and malic acid treatment, with 
citric acid yielding higher concentrations. Their research focused on the nutrient 
mobilizing effects by secreting plants species on non-secreting species in a rotational 
cropping schedule. Fe deficiency can induce citrate release by dicots (Strategy I plants), 
favouring Fe mobilization and uptake (Poschenrieder & Barcelo, 2002). Fe deficiency 
has been shown to stimulate uptake of heavy metal divalent cation such as Cd and Zn 
(Cohen et al., 1998). These authors however associated increased accumulation of 
heavy metals under Fe deficient conditions to facilitated transmembrane transport by the 
induced expression of a Fe2+-transporter (IRT1). Release of phytosiderophores has been 
demonstrated under Zn and Fe deficient conditions, increasing the mobility of Fe, Mn, 
Zn and Cu in the rhizosphere, which in turn can lead to their enhanced uptake by the 
plant (Khan et al., 2000; Zhang, 1993). 
 
Kim et al. (2002) observed microbial P solubilization by Enterobacter intermedium in 
the rhizosphere. This ability was mediated by organic acids produced by the micro-
organism. 2-Ketogluconic acid (2-KGA) was identified as the main organic factor. 
Soluble phosphate, and 2-KGA increased gradually whereas soil pH decreased in the 
culture media. Production of ketogluconic acid was performed by oxidation of glucose, 
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with the formation of gluconic acid as intermediary, subsequently converting it to 2-
KGA.  
 
Effects of oxalate and citrate on Cu2+ sorption in the soil was examined by Zhang et al. 
(2002). The results suggested organic ligands had great effects on Cu2+-sorption: 
sorption was promoted at lower concentrations (< 1 mmol.l-1 oxalate or < 0.05 mmol.l-1 
citrate) and inhibited at higher concentrations (40% decrease at 10 mmol.l-1 citrate or 
oxalate). Lombnaes et al. (2002) examined Zn complexation by citric acid in soils as 
affected by pH and ionic strength. Citric acid proved effective in desorbing Zn from the 
soils tested. The study demonstrated that pH is an important factor determining 
partitioning of Zn when citric acid is present in the soil solution. In the same study, the 
release of Zn from the soil decreased linearly with increasing concentration of applied 
Ca(NO3)2. This was explained by a competitive relationship between Ca and Zn for 
complexation by citrate. Karczewska (1999) observed pronounced effects of pH on the 
desorption capacity of heavy metals (Cd, Cu, Fe, Pb and Zn) by citric acid, ammonium 
oxalate and fulvic acid extracted from high moor peat.  
 
Citric acid proved to be the most efficient amendment for desorption of U in a 
contaminated soil (280 mg.kg-1): a 200-fold increase of U in the soil solution was 
observed (1.2 to 240 mg.kg-1) following addition of 20 mmol.kg-1 citric acid (Huang et 
al., 1998). An equivalent decrease in pH upon nitric acid application did not result in a 
similar U mobilization, suggesting that the desorbing effect could not be merely 
attributed to a pH-effect. Citric acid application led to induced U hyperaccumulation by 
a number of plant species, with B. juncea achieving concentrations of more than 5,000 
mg.kg-1 U. Hyperaccumulation of U, triggered by citric acid, could be achieved within 
24 h after amendment application. The shoot concentration reached a steady state three 
days after the amendment application (Huang et al., 1998; Blaylock & Huang, 2000). 
Ebbs et al. (1998) reached similar conclusions in examination of citric acid for 
mobilization of U and enhanced uptake by Beta vulgaris.  
 
Japenga & Romkens (2000) compared the addition of citric acid to GEDTA for 
enhanced uptake of Cd, Cu and Zn in lupine, grass and yellow mustard. Citric acid 
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yielded no success, which was attributed to its short persistence in the soil. GEDTA 
resulted in enhanced uptake of Cd, Pb, Cu but not Zn. In a comparative screening 
between citric acid and various synthetic chelates by Shen et al. (2002), citric acid was 
least effective in Pb mobilization and uptake by B. rapa, whereas EDTA proved to be 
most effective (cfr. infra). 
 
Ascorbic acid application alleviated Cd stress in H. vulgare (Wu & Zhang, 2002). These 
authors however caution against application in edible crops because of possible 
enhanced Cd translocation.  
 
The main advantage of organic acids as soil amendment for enhanced phytoextraction is 
their high degree of biodegradability: low molecular organic acids are mineralized 
within a period of weeks. This guarantees that mobilizing effects of the applied organic 
acids are not prolonged after removal of the vegetative cover, effectively suppressing 
risks of leaching.  
 
5.3.2. Amino Acids  
Nicotianamine (NA) has been proposed to transport Cu and Zn in the xylem and Cu, Zn 
and Fe(II) in the phloem (Stephan et al., 1996; Fox & Guerinot, 1998). Pich et al. (1996) 
demonstrated increased Cu translocation in a nicotianamine-less Lycopersicum 
esculentum plant ‘chloronerva’ upon foliar (50 and 500 µM) and root (50 µM) 
application of NA. In the mutant grown in a Cu containing medium, transport of Cu in 
the xylem was inefficient resulting in deficiency in the shoots. Following NA-
application, leaves became green and Cu concentrations increased in the shoots and 
decreased in the roots. Under high Cu supply, the NA concentrations in the roots and 
young leaves were higher than under normal conditions. NA was also present in xylem 
exudates. This data suggests efficient absorption and mobility of NA over the plant and 
its apparent role in Cu complexation and transport. 
 
Histidine (His) has been proposed for complexation with and transport of Ni (Krämer et 
al., 1996) and Zn (Salt et al., 1999). Lodewijckx (2001) however observed no direct 
correlation between Zn-content and histidine in the roots of T. caerulescens, leaving the 
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role of free His still speculative for Zn until more mechanistic data is available 
(Geebelen, 2002). Kerkeb & Krämer (2003) reported that addition of exogenous His in 
a hydroponic solution experiment containing Ni resulted in substantial increase of Ni 
and His in the xylem sap of B. juncea and Alyssum lesbiacum. This implies that 
increasing root His concentrations through supply of exogenous L-His triggers root-to-
shoot mobility of Ni. A proposed model for the role of His is to increase Ni mobility for 
movement toward and into the xylem once Ni is inside the root symplasm. In this 
model, Ni2+ is taken up by root cells as the free hydrated cation, independent of the 
uptake of His. Once inside the root symplasm, Ni2+ ions would depend on the presence 
of, and probably chelation by, His for further movement toward the xylem or possibly 
for release into the xylem (Kerkeb & Krämer, 2003). In their study, the possible role of 
His to increase root absorption of Ni by the symplastic or apoplastic uptake routes was 
discarded based on experimental evidence. 
 
In vitro and in vivo studies have consistently substantiated L-methionine as a precursor 
of phytosiderophores such as mugineic acid (MA), deoxymugeneic acid (DMA) and 
avenic acid (Mori & Nishizawa, 1987; Shojima et al., 1990; Kawai et al., 1994). 
Labeling studies have been used to validate the presence of methionine recycling 
pathway in the rhizosphere required for the continued synthesis of MAs in roots of 
grasses (Ma et al., 1995). NA appears to be one of the intermediates between L-
methionine and DMA (Stephan et al., 1996). 
 
Because of its thiol functional group, cysteine has a high affinity to interact with heavy 
metals (Grill et al., 1985). Higher plants respond to potentially toxic metals by 
synthesizing phytochelatins (PCs) and related cysteine-rich polypeptides (Zenk, 1996). 
Kneer & Zenk (1992) demonstrated that PCs can detoxify heavy metals for plants. 
These authors demonstrated that plants can tolerate 10-1,000 fold higher amounts of 
PC-bound Cd than free ions, and also that free PCs restored metal poisoned enzymes. 
Jemal et al. (1998) reported that Capsicum annuum (pepper) was able to sustain 
elevated shoot concentrations of Cd (17 mg.kg-1) when grown in a spiked solution, 
without negative effects on plant growth and vigour. The high observed tolerance of the 
plants was attributed to production of PCs. What potential role PCs and cysteine can 
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play in phytoremediation research is unclear at this point (Cobbett & Goldsbrough, 
2000). Foliar application of cysteine in H. annuus (15 µmol per plant) did not increase 
metal accumulation, nor did it increase plant vigour or growth (Meers & Tack, 2004). 
Further research is required to ascertain what role, if any, amino acids can play in either 
soil or foliar treatments of phytoremediation crops. 
 
5.4. Inorganic amendments 
5.4.1. Chlorides  
McLaughlin et al. (1994) reported an increased Cd uptake by tubers of Solanum 
tuberosum in the presence of chorides. This can be explained by the formation of 
inorganic CdCl+ complexes. Especially Cd, Hg, Pb and Zn form soluble 
chlorocomplexes (Hahne & Krootje, 1973). Doner (1978) demonstrated that Cl- had a 
marked effect on the mobility of Cd and to a lesser extent of Cu and Ni. Gambrell et al. 
(1991) reported an apparent salinity effect of Cd with increased salinity supporting 
increased Cd concentrations in the soil solution. Likewise salinity effects were observed 
for Cr and Cu, yet not or less pronounced for Pb and Ni. Norrström & Jacks (1998) 
described increased amounts of heavy metals in ground water in roadside soils upon 
application of deicing salts. Amhrein et al. (1993) proposed that the increased mobility 
of Cu, Pb, Ni, Cr and Fe and their leaching to ground water upon application of NaCl as 
deicing salt may be attributed to increased mobility of suspended colloidal particles in 
the soil (organic matter and Fe-oxides) : enhanced colloid-assisted transport. The 
increasingly popular deicing salt alternative for NaCl – calcium magnesium acetate – 
demonstrated lower cumulative amounts of leached metals in a comparative test. 
 
An extensive number of reports are made on the inducing effect of chloride on Cd 
uptake by crops (Bingham et al., 1984; McLaughlin et al., 1994; Smolders et al., 1996; 
Smolders et al., 1998; Norvell et al., 2000; Khoshgoftarmenesh et al., 2002). Research 
towards using this phenomenon for enhanced phytoextraction purposes has been 
growing over recent years. Since high biomass producing crops can extract considerable 
amounts of chloride from the soil (100-1,000 mg.kg-1 dry weight plant tissue), the use of 
Cl-amendments can occur in accordance with plant use to prevent salinification of the 
plough layer. Maxted et al. (2001) reported that Z. mays is able to accumulate Cd in the 
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same order of magnitude upon addition of KCl as treatment with EDTA. Lee & Chon 
(2001) observed a cumulative effect when CaCl2 and EDTA were used together for 
increased uptake of Pb.  
 
In a pot experiment comparing various soil amendments for enhanced heavy metal 
accumulation in Z. mays, Meers et al. (2003) observed significant increases for Cd in 
the shoot after application of 2 mmol.kg-1 NH4Cl, NaCl, KCl or CaCl2 when applied to 
(unspiked) contaminated dredged sediment. However, no increases were observed for 
Cu or Zn.  
 
5.4.2. Other Salts  
Totsche et al. (2002) described an increase of heavy metals (Cd, Cu, Cr, Ni, Pb & Zn) 
by fluoride solutions, attributed to an increase of dissolved organic carbon. In 
phytomining research, Brooks et al. (1998) successfully stimulated Au uptake by B. 
juncea upon application of the solubilizing agent NH4SCN. Field validation of these 
findings was provided for by Anderson et al. (2005). These authors compared Au 
accumulation capacity of B. juncea with Z. mays after treatment of mine tailings with 
NaCN (3 mmol.kg-1) or NH4SCN (4 mmol.kg
-1 as a 3.7% peroxide solution). B. juncea 
achieved the highest Au concentrations of up to 39 ± 1.1 mg.kg-1 after NaCN treatment, 
which implied a significant increase in comparison with the untreated control (< 0.1 
mg.kg-1). Treatment with NH4SCN induced uptake up to 2.0 ± 0.5 mg.kg
-1 Au in B. 
juncea. In the same experiment, Cu as well exhibited remarkable shoot accumulation 
with concentrations increasing from 50 ± 36 mg.kg-1 in the control to 133 ± 11 mg.kg-1 
in the NH4SCN treated plants and 541 ± 14 mg.kg
-1 in the NaCN treated plants. 
 
In a comparative screening described by Meers et al. (2003), NH4SCN and NH4HF2 
were applied at doses of 2 mmol.kg-1 to a moderately contaminated calcareous dredged 
sediment. No increased uptake in Z. mays was observed for the fluoride application, yet 
the NH4SCN addition resulted in increased plant absorption of Cd, Cu, Zn, Ni, Pb and 
Cr. Zn was taken up nine times more efficiently, yet was only poorly translocated. Ni 
and Pb were both extracted more efficiently and translocated to the shoot (Meers et al., 
Chapter 2. Literature review 
 69 
2003). The effect of NH4 on metal mobility and availability has been described in 
Section 5.2.2. of this Chapter. 
 
5.4.3. Elemental sulphur 
Kayser (2000) examined the effect of soil acidification induced by adding elemental 
sulphur on the uptake of heavy metals by H. annuus and S. viminalis. Zn uptake in S. 
viminalis increased from 930 mg.kg-1 in untreated controls to 4,300 mg.kg-1 in soils 
amended with 100 mmol.kg-1 S. Uptake by H. annuus in the same soil receiving the 
same treatment attained concentrations of 3,812 mg.kg-1 compared to 1,101 mg.kg-1 in 
the untreated control. The findings were validated with other species (Z. mays, 
Nicotiana tabacum) in similar experimental setups. Fig. 2.16. presents an overview of 
the underlying mechanism of metal mobilization by sulphur amendment. 
Chemolitotrophic bacteria oxidize the elemental sulphur, resulting in proton release. 
Soil pH dropped to below 4.0, which enhanced heavy metal solubility and plant uptake. 
However, severe growth depressions were observed, the effect in the soil exceeded the 
ability of the crops to extract the mobilized metals and the uptake remained below 
hyperaccumulation levels described for chelated assisted phytoextraction in literature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.16. Principle of metal solubilization induced by soil acidification as a result from 
elemental sulphur oxidation by chemolithotrophic bacteria (Kayser, 2000) 
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5.4.3. Hydrogen peroxide 
Qi et al. (2004) proposed pre-treatment of soils with hydrogen peroxide (H2O2) to 
increase heavy metal “phytoavailability” for phytoextraction purposes. Solubility of Zn 
and Cu was observed to increase following treatment with 0.17-0.35 ml.kg-1 H2O2. 
DOC was also found to increase, leading to the conclusion that metal solubility was 
caused by organic matter dissolution. The elevated solubility resulted in enhanced 
accumulation of these metals by ryegrass, although growth depression was observed 
and Cu exhibited risks for leaching. 
 
5.5. Synthetic aminopolycarboxylic acids (APCAs) 
5.5.1. Introduction 
Aminopolycarboxylic acids (APCAs) have the ability to form stable, soluble complexes 
with di- and trivalent cations (Bucheli-Witschel & Egli, 2001). They are used in a broad 
range of domestic products (detergents) and industrial applications to control solubility 
and precipitation of metal ions. The most widely used of these are EDTA, with an 
estimated annual use of 55.6 103 metric tons in the USA and Western Europe, and NTA 
with an estimated annual use of 40.3 103 metric tons. Other commonly used APCAs 
include HEDTA and DTPA. Since the early 1950s, synthetic chelating agents have been 
used to increase metal availability and plant nutrition (Wallace et al., 1992). APCA 
chelators are employed in fertilizers to supply plants with trace metals such as Cu, Fe, 
Mn and Zn (Deacon & Tuinstra, 1994). A number of authors report the use of synthetic 
chelators for phytoextraction purposes (Huang et al., 1997; Wu et al., 1999; Shen et al., 
2002). Research towards their use to enhance heavy metal uptake and translocation in 
high biomass producing agronomic species has been accelerating over the last 6 years.  
 
5.5.2. Comparative screenings with synthetic APCAs 
Cooper et al. (1999) compared seven chelates in their capacity to desorb Pb from the 
soil matrix. The general ranking of chelate effectiveness was: HEDTA > CDTA > 
DTPA > EGTA > HEIDA > EDDHA ~ NTA. Plant uptake of Pb by Z. mays was 
increased at an application dose of 20 mmol.kg-1 soil for CDTA, DTPA and HEDTA 
yet the increase was considered too small to be of interest for phytoextraction purposes 
(equivalent to 0.4 kg.ha-1 Pb). Shen et al. (2002) reported the following order of 
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effectiveness for solubilization of Pb and enhanced uptake by B. rapa: EDTA > 
HEDTA > DTPA > NTA > citric acid. The high Pb concentrations in shoot tissue were 
achieved within days after application. The translocated fraction of assimilated Pb 
increased from 35% in unamended soils to more than 85% for soils treated with EDTA 
or HEDTA. Concentration increases in shoot tissue were highest when EDTA 
application was spread over multiple doses. Reversely, soluble Pb concentration in the 
soil decreased when the EDTA treatment was spread over a longer period versus a 
single application. Huang et al. (1997) reported that the effectiveness for Pb desorption 
from the soil and accumulation in the shoot decreased in the order of EDTA > HEDTA 
> DTPA > EGTA > EDDHA. These authors also found that EDTA significantly 
increased root to shoot translocation in Z. mays within 24 h after applying an EDTA 
solution to the soil at an application rate of 1 g.kg-1 soil. The presence of Pb in the 
xylem increased 140-fold and net translocation to the shoot 120-fold. These data 
strongly indicated that chelates strongly desorbed Pb from the soil and facilitated both 
plant uptake and translocation. In a comparative between HBED and EDTA study by 
Wu et al. (1999), EDTA proved to be the most efficient in increasing water-soluble Pb-
concentrations. When examining the effect on uptake by Z. mays, HBED amendment 
resulted in significantly higher root concentrations, while translocation and 
accumulation in the shoot was favoured by EDTA. Pb was found to be taken up and 
translocated as the Pb-EDTA complex within the plant (Epstein et al., 1999).  
 
GEDTA was found to increase uptake of Cd, Cu and Pb but not Zn by lupine, grass and 
yellow mustard, while application of citric acid did not result in increased uptake 
(Japenga & Romkens, 2000).  
 
Dramatic increases in the accumulation of Cu, Cd, Ni, Pb and Zn in B. juncea in the 
presence of added synthetic chelates were reported by Blaylock et al. (1997). EDTA 
was observed as the most effective chelate to stimulate Pb accumulation. This 
accumulation was further enhanced at lower pH values. Huang & Cunningham (1996) 
reported successfully enhanced hyperaccumulation of Pb (more than 10,000 mg.kg-1) in 
Z. mays cv. Fiesta, upon application of 2 g.kg-1 HEDTA to a Pb contaminated soil 
(2,500 mg.kg-1). Analogously, Cunningham & Ow (1996) also reported induced 
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hyperaccumulation exceeding 10,000 mg.kg-1 Pb in the shoot tissue in both Z. mays and 
Pisum sativum after soil treatment with HEDTA and EDTA. Jarvis & Leung (2001) 
reported enhanced Pb translocation in Chamaecytisus proliferus with EDTA and 
HEDTA, with the highest shoot accumulation being achieved with HEDTA. 
Considerably less promising results were observed by Chen & Cutright (2001) in the 
assessment of EDTA and HEDTA on Cd, Cr and Ni uptake by H. annuus. All three 
elements under study were considerably mobilized with increasing concentration of 
HEDTA and EDTA. However, only Ni and Cd were significantly taken up by the plant: 
shoot concentrations increased 2-fold and 4-fold respectively. Biomass production 
however was reduced 4-fold, suggesting that chelated metal mobilization was not the 
best option to consider under the given circumstances. 
 
5.5.3. Plant experiments with EDTA 
The physiological basis of EDTA assisted uptake by roots and the subsequent 
accumulation of the mobilized heavy metals in aboveground plant parts is still under 
dispute. Epstein et al. (1999) observed uptake and translocation of Pb as the Pb-EDTA 
complex. Sarret et al. (2001) conducted X-ray experiments to ascertain the forms in 
which Zn and Pb are present in the shoot of P. vulgaris after uptake from a nutrient 
solution containing either the EDTA chelated form of these heavy metals or an 
inorganic mix in which free ion activity presents the predominant form. For Pb their 
findings corroborated the conclusions by Epstein et al. (1999), observing that at least a 
portion of Pb in the shoot was in the form of EDTA complexes when grown in an 
EDTA containing nutrient solution. However, Zn was observed to be present in the 
form of phosphate dihydrate in the shoot regardless of its form in the nutrient solution. 
The underlying principles of chelated or unchelated metal uptake and translocation 
therefore still remain to be elucidated. Vassil et al. (1998) suggested that EDTA could 
deteriorate membrane integrity in the roots by removing Zn2+ and Ca2+ present in the 
membrane for stabilization. Uptake of mobilized metals could then be possible across 
the leaky membrane. 
 
The effect of EDTA on the uptake of Pb, Cd and Zn by B. rapa was examined by 
Grcman et al. (2001). Plant uptake of Pb was particularly enhanced while increases for 
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Cd and Zn were less prominent (respectively 2.3 and 3.2 fold increase). Distinctive 
differences were encountered between the varying application doses (3, 5, 10     
mmol.kg-1) and rates (single dose vs. spread over four weekly treatments). A single dose 
application of 10 mmol.kg-1 resulted in the highest shoot concentrations for Pb, Zn and 
Cd.  
 
Ebbs & Kochian (1998) evaluated the capacity of H. vulgare for phytoextraction of Zn 
(amongst 15 other grasses) and compared it to B. juncea with and without EDTA 
addition. Zn accumulation in H. vulgare did not respond to EDTA addition, whereas 
high increases were encountered for B. juncea. Taking into account Zn concentrations 
and biomass productions of both plants, H. vulgare still achieved higher overall 
extraction of Zn without EDTA addition in comparison to B. juncea with EDTA 
addition. This underlines the importance of H. vulgare for further phytoextraction 
research. Esteban et al. (2000) compared cation uptake by P. sativum and H. vulgare 
after EDTA addition. A decrease in cation uptake was observed for P. sativum while for 
H. vulgare Zn, Cu, Fe and Ca increased and Pb and Mn decreased. These findings are 
quite in contrast with those of Ebbs & Kochian (1998) concerning induced Zn uptake by 
H. vulgare and with those of Cunningham & Ow (1996) concerning hyperaccumulation 
of Pb by EDTA treated P. sativum, as discussed above. 
 
Strong Cd accumulation in B. juncea has also been reported upon application of EDTA 
(Salt et al., 1995a). Jiang et al. (2003) also performed Cd accumulation experiments 
with B. juncea in spiked soils, with and without EDTA treatment. They stated that 
EDTA did not increase plant absorption, yet considerably and significantly enhanced 
plant translocation of Cd. However, deductions concerning “phytoavailability” and 
absorption based on experiments with spiked soils are hazardous, because heavy metals 
are already added in highly available form.  
 
Phytoextraction performance of EDTA amended Z. mays was compared with the 
unamended natural hyperaccumulator T. caerulescens for accumulation of Cd and Zn 
(Lombi et al., 2001). They concluded that the natural hyperaccumulator still exhibited 
higher accumulation performance in comparison with the induced uptake by the high 
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biomass producing agronomic crop. However, T. caerulescens exhibited strong 
sensitivity towards Cu toxicity, hampering its use for phytoextraction purposes in co-
contaminated sites.  
 
Ghinhas et al. (2000) reported increased uptake of Fe, Zn, Mn, Cu and Pb with highest 
encountered effects for Zn and Pb in H. annuus upon irrigation with a 25 mM EDTA 
solution (5 l per 1.5 m row). No biomass reductions were observed. Madrid & Kirkham 
(2002) examined heavy metal uptake from old animal waste storage lagoons, enriched 
with heavy metals by H. vulgare and H. annuus with and without application of EDTA. 
EDTA addition did not result in increased heavy metal uptake by H. annuus, yet 
induced higher accumulation values in H. vulgare for Cu, Pb, Ni and to a lesser extent 
for Zn and Cd. Overall germination rates in the substrate were rather low (2% for H.  
annuus, 19% for H. vulgare), due to high penetration resistance of the lagoon soil. Poor 
root development of H. annuus is deemed responsible for the limited increase in heavy 
metal uptake upon EDTA application.  
 
In general, widely differing reports have been made on the performance of chelate 
assisted shoot accumulation of metals when using EDTA in agronomic crops. Some 
authors reported induced hyperaccumulation, whereas others observed no to little 
significant increases combined with excessively severe growth depressions. The 
different reports can be attributed to some extent to the use of different soil substrates in 
the experiments. Whereas some authors used spiked soils, others performed their 
experiments on moderately contaminated natural soils with low “phytoavailability”. The 
use of spiked soils in such experimental setups should be avoided, because the addition 
of heavy metals as dissolved salts implies they are already present in a more 
“phytoavailable” form than under normal conditions from the onset of the experiment.   
 
5.5.4. Disadvantages of synthetic APCAs 
Grcman et al. (2001) examined plant uptake of Cd, Pb and Zn by B. juncea upon EDTA 
treatment (cfr. supra) and possible leaching effects and toxicology to soil microbiota. 
The analysis of leachates suggested that EDTA mobilized heavy metals and caused 
significant leaching: 36% and 40% of total applied EDTA was leached through the soil 
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profile in columns with 5 and 10 mmol.kg-1 applied EDTA. In addition, a bioassay 
examining mycorrhizal infection of red clover in pots with the EDTA treatments 
revealed severe microbiological toxicity upon heavy metal mobilization. No 
mycorrhizal infection was found in plants growing in soil treated with 5 mmol.kg-1 and 
10 mmol.kg-1 EDTA. Also the ratio between dead and viable biomass in the soil 
increased dramatically with higher EDTA concentrations. Kedziorek & Bourg (2000) 
proposed the use of EDTA for elution of Cd in Pb in soil washing procedures. Soil 
washing with acidifying solutions, such as HCl, is efficient in leaching Cd, yet cause 
dissolution of part of the solid matrix. EDTA was demonstrated to be effective in the 
neutral pH range. Evidence offered by both Grcman et al. (2001) and Kedziorek & 
Bourg (2000) indicate strong risks involved in application of EDTA. The real risks 
involved in leaching of both contaminants and macronutrients have also been 
underlined by Barona et al. (2001). Chaney et al. (1997) acknowledged the potential of 
synthetic chelates for removal of toxic metals from the soil by enhanced phytoextraction 
in biomass producing crops, yet caution towards the necessity of implementing methods 
to prevent leaching of mobilized pollutants. Other scientists have put up similar warning 
flags (e.g. Cooper et al., 1999; Japenga & Romkens, 2000; Lombi et al., 2001). 
 
Most APCAs, in particular EDTA and DTPA have a long environmental persistence. 
Means et al. (1980) reported a half-life of 6 months for EDTA. This suggests that the 
potential mobilizing effects of the chelate in the soil may continue after the growing 
season, resulting in increased leaching risks in autumn and winter if no waterscreen is 
implemented to prevent climatological precipitation to percolate through the soil profile. 
Some APCAs have considerable shorter halflives: NTA is readily decomposed under 
aerobic conditions with halftimes from 3 to 7 days (Talatabai & Bremner, 1975; 
Bucheli-Witschel & Egli, 2001; Egli, 2001).  
 
5.6. Naturally occurring aminopolycarboxylic acids (APCAs) 
Recently the existence of naturally occurring APCA-compounds has been 
demonstrated. Some of these even contain the central ethylene diaminestructure, 
previously considered unique for xenobiotic chelates as EDTA (Bucheli-Witschel & 
Egli, 2001). One of the first of these natural APCAs described was EDDS, isolated from 
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NTA EDTA EDDS
Mg
2+
5.5 8.8 5.8
Ca
2+
6.4 10.6 4.2
Mn
2+
7.5 13.8 9.0
Zn
2+
10.7 16.4 13.5
Co
2+
10.4 16.3 14.1
Cu
2+
12.9 18.7 18.4
Pb
2+
11.3 17.9 12.7
Cd
2+
9.8 16.4 10.8
Al
3+
11.4 16.5
Fe
2+
8.3 14.3
Fe
3+
15.9 25.0 22.0
Ni
2+
11.5 18.5 16.8
culture filtrate of the actinomycete Amycolatopsis orientalis. Transport of EDDS into 
this actinomycete was also demonstrated. Other naturally occurring APCAs include 
plant, bacterial and fungal siderophores. Stability constants for heavy metals with 
EDDS in comparison to EDTA and NTA are presented in Table 2.7. EDDS has lower 
affinity for Mg and Ca than EDTA, which enhances its applicability for intended 
mobilization of metals. In comparison, Table 2.6. (cfr. supra)  presents stability 
constants for other naturally occurring organic chelates.  
   
Lestan & Grcman (2002) conducted comparative research between EDTA and EDDS 
towards heavy metal mobilization, uptake by B. rapa, leaching, phytotoxicity (Trifolium 
repens bioassay) and toxicity towards soil fungi. In a single dose application of 10 
mmol.kg-1 soil EDTA and EDDS induced similar aboveground accumulations of Cd, Zn 
and Pb. Spreading the EDDS application over weekly applications resulted in lower 
uptake of Pb in comparison to EDTA, yet similar performances for Zn and Cd were 
observed. In a column test, heavy metals leached from the soil were 113-438 fold less in 
EDDS treated soils than in EDTA treated soils. The dramatic reduction in leaching was 
attributed to the strong biodegradability of EDDS. The authors further reported lower 
toxicity to plant and soil fungi upon EDDS addition in comparison to EDTA. 
 
Table 2.7. Stability constants (log K) of 1:1 complexes of NTA, EDTA and [S, S] with 
di- and trivalent metal ions determined for an ionic strength of 0.1 M (Bucheli-Witschel 
& Egli, 2001) 
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EDDS offers great potential for future research in phytoextraction towards substitution 
of EDTA in chelate assisted phytoextraction. It combines a comparable metal 
mobilizing capacity with a short estimated half-life of 2.5 days in natural soils (Lestan 
& Grcman, 2002). In addition, EDDS can be synthesized chemically and production of 
the compound is currently increasing. 
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6. Research objectives based on literature background 
6.1. Soil evaluation of heavy metals 
The current Flemish environmental legislation focuses on total soil content of heavy 
metals which constitutes for only a rough measure of the effective ecotoxicological risks 
involved. Milder single extraction procedures can offer valuable complementary 
information for a more effective legal framework and offer additional insights in the 
less stable soil fractions. Extraction procedures proposed in the French, German, Dutch 
and Swiss legislation, as well as several other procedures which could be adopted in 
Flemish legislation to serve this purpose are compared in Chapter 3. 
 
The wide variety of single extractions proposed in literature for the assessment of 
“phytoavailability” of heavy metals impairs direct comparability between the various 
studies. Standardization and harmonization are therefore required. A comparison is 
made in heavy metal extractability between 13 commonly used extraction procedures 
(Chapter 3). The extractable levels are subsequently correlated to plant accumulation. 
The interrelationships between these procedures are analyzed by hierarchical clustering 
based on observations made in 29 soils varying in composition and pollution level. 
 
Many authors have suggested the use of CaCl2 for a rapid chemical estimation of 
“bioavailable” heavy metals in the soil. However, other researchers warned that the 
chloride counter ion could excessively mobilize heavy metals, particularly Cd, inducing 
a biased estimation of metal “bioavailability”. In this light, the significance of possible 
differences between a nitrate based (0.01 M Ca(NO3)2) and chloride based (0.01 M 
CaCl2) weak extractant is also assessed in Chapter 3. 
 
Although a wide variety of single extractions are used to ascertain mobility in the soil, 
little focus has gone to determine actual reference values for these procedures under 
uncontaminated conditions. Chapter 3 provides observed extraction levels under 
unpolluted reference conditions. Twelve soils varying in texture have been selected to 
this end. 
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6.2. Phytoextraction with Salix spp. 
An extensive number of publications has been dedicated to phytoextraction based on 
pot experiments. However, only little attention has gone to field validation of the 
technique. Chapter 4 presents a field scale experiment on a 0.75 ha site. In this case 
study, biomass production and mass balance of heavy metals are evaluated .  
 
The SALIMAT technique offers great potential for rapid establishment of a willow 
cover on dredged sediment disposal sites. However, field scale proof is scarce for the 
potential of manually introducing the SALIMATS in the field when (i) the site is still 
inaccessible and (ii) heavy machinery cannot be used for introduction of the 
SALIMATS. A pilot scale experiment has been conducted on small plots in Menen 
(Vervaeke, 2004).  Chapter 4 offers a field validation on the applicability of 
SALIMATS for planting disposal sites at the full scale level, at a point in time when the 
site itself is not yet accessible due to the liquid nature of freshly dredged sediment. 
 
Most phytoextraction studies focus on soil types containing elevated levels of heavy 
metals with high “phytoavailability”. For example, the use of spiked soils or the use of 
acidic mine tailings have been well documented in literature. Phytoextraction potential 
of slightly to moderately contaminated soils with low natural “phytoavailability” have 
not been well covered. This is contradictory to the notion that applicability of 
phytoextraction is considered to be limited to moderate transgressions of statutory limits 
because the required timespan for highly contaminated soils would be excessively long. 
In order to prove or disprove applicability of phytoextraction as an effective remediation 
technique, a reliable assessment on moderately contaminated soils with low natural 
“phytoavailability” is required. The soil substrate used in Chapter 4 – 8, both for the 
evaluation of Salix spp. and agronomic crops is a calcareous soil type with elevated 
organic matter content and elevated pH (> 7.5).  
 
Metal uptake patterns in willows are species and clone dependent. In order to ascertain 
which willow clone exhibits the best performance in regards with metal uptake from 
moderately contaminated calcareous dredged sediment derived surface soils, two 
screening experiments were performed. The results for seven different clones are 
discussed in Chapter 4 and 5. 
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6.3. Soil amendments for enhanced phytoextraction 
Soil amendments have been proposed for enhancing phytoextraction performance. In 
literature much attention has been paid to the specific potential of EDTA. However, 
insufficient consideration was given to the longevity of induced metal mobilization and 
consequently the risks of leaching. EDTA is known for high environmental persistence. 
These effects as well as the possible disadvantages in regards with application of EDTA 
for phytoremediation purposes are described in Chapter 6-8.  
 
Plants use organic acids as chelators for rendering scarcely mobile mineral nutrients 
more “phytoavailable”. Only a few reports have been published comparing citric acid 
with EDTA in the context of enhancing metal uptake in phytoextraction crops. In 
Chapter 6, citric acid is compared to EDTA. Required levels for dissolution of the pH 
buffer capacity and acidification by the organic acid in the calcareous soil are assessed. 
Half-life of the metal mobilization in the soil by citric acid is compared with EDTA. 
Finally, potential effects on metal uptake between both amendments are compared in 
sunflower. 
 
EDDS is a relatively newly discovered substance. It is a naturally occurring and 
biodegradable chelating agent. Only a few authors have described the potential of this 
particular compound in the context of phytoextraction. Metal mobilization capacity, 
degradation pattern and induced shoot accumulation in four different agronomic crops 
are described in Chapter 7 – 8.  
 
The effects of soil amendments in calcareous soils with low natural “phytoavailability” 
and elevated pH are also scarcely covered in relevant phytoremediation literature. 
Indeed, many studies have focused on spiked soils, acidic soils, and/or heavily polluted 
soils. Observations presented in Chapter 6 – 8 are representative for the possible effect 
of soil amendments in natural soils with a buffered pH > 7.0 having moderate levels of 
heavy metals. 
 
A wide variety of different agronomic crop species have been proposed for 
phytoextraction of heavy metals, without a clear distinction between their potential or 
applicability on calcareous dredged sediments. In Chapter 8, four different agronomic 
crops are compared: Helianthus annuus, Zea mays, Brassica rapa, Cannabis sativa.
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3.  
Comparison of Heavy Metal Extractability by 
Commonly Used Single Extraction Protocols 
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1. Introduction 
1.1. Background 
Anthropogenically distributed chemical agents, such as heavy metals, can induce 
toxicological responses in biological actors and therefore cause adverse ecological 
effects. Total soil metal content by itself is not a good measure for short term 
“bioavailability” and not a very useful tool to determine potential risks from soil and 
sediments contamination (Rieuwerts et al., 1998). Metals exist in a number of different 
soluble and particulate forms, which influence their reactivity and hence their mobility 
and “bioavailability” (Sauvé et al., 2000). Nevertheless, assessment of toxicity of metals 
in many regulatory programs is only based on data for total metal concentrations. As a 
result, such values rarely correlate with effects. Consequently, other means are needed 
for the prediction of risk.  
 
The Triad method to environmental risk assessment of heavy metals is a 
multidisciplinary approach comprehending branches of physico-chemistry, toxicology 
and ecology / biology. The different chemical forms in which metals occur within the 
soil matrix determine their mobility, “bioavailability” and toxicity. Availability and 
induced biological effects are dependent on the receptor organism in interaction with its 
surrounding environment, which automatically implies that no single all-encompassing 
“bioavailable” fraction can be operationally defined by means of chemical extractions. 
However, making use of single extractions allows to speciate metals into pools which 
differ in mobility, behaviour and susceptibility for interaction with biological receptors. 
Subsequently linking the chemically derived information to biological effects can grant 
more insight in the complex interactions at hand and eventually lead to reliable 
protective legislative frameworks. In addition, insight in these interactions can also help 
to improve our knowledge for modelling of “phytoavailability” and phytoextraction 
potential. 
 
The use of single extractions to ascertain chemically distinguishable pools of metals 
within the soil matrix has been investigated since the early 1970s. Since then, a wide 
variety of such procedures has grown almost without end. Extraction methods not only 
differ in reagents used, but also on reaction conditions such as molar concentration, 
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liquid to solid ratio (L:S) and respected equilibration time. A clear need arises towards 
standardization and assessment of the interrelationships of these protocols. This study 
compares metal extractability of Cd, Cu, Ni, Pb and Zn by 13 commonly used 
extraction procedures in 29 soils, varying in soil composition and pollution level. The 
procedures used were: Rhizon extraction, 0.01 M CaCl2, 0.01 M Ca(NO3)2, 0.1 M 
NaNO3, 1 M NH4NO3, 1 M NH4OAc, 1 M MgCl2, 1 M Mg(NO3)2, 0.11 M HOAc, 0.1 
M HCl, 0.5 M HNO3, 0.02 M EDTA + 0.5 M NH4OAc + 0.5 M HOAc (pH 4.65), 0.005 
M DTPA + 0.01 M CaCl2 + 0.1 M TEA (pH 7.3) and aqua regia digestion.  
 
1.2. Objectives 
The aim of this Chapter is to assess the interrelationships between commonly used 
extraction procedures for five heavy metals (Cd, Cu, Ni, Pb, Zn) in soils varying in 
physico-chemical characteristics and metal content. Relative metal extractability, 
expressed as percentage of pseudo-total content (aqua regia), is compared between soils 
varying in texture and soil pH. The extractants are subdivided in related subclasses 
based on hierarchical clustering. Observed extraction values in 12 unpolluted control 
soils are also included for future reference. In addition, extractable levels of heavy 
metals are correlated with plant uptake by a selected test species (Phaseolus vulgaris) to 
ascertain which procedure exhibited the best interaction with shoot accumulation. 
Although the interaction between soil extractions and plant uptake are considered to be 
plant species dependent, this approach allows to gain initial insight. 
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2. Material & Methods 
2.1. Sample collection 
For the evaluation of metal extractability with the various extraction protocols, 29 soils 
with varying soil composition and pollution were collected in Flanders, Belgium. Of 
these, 11 were dredged sediment derived surface soils (S1-S11), exhibiting a wide range 
of pollution levels. Ten soils were agricultural soils, unpolluted with heavy metals and 
varying widely in soil composition (S12-S21). Eight soils were sandy soils, either 
unpolluted or atmospherically polluted by historical smelter activities (S22-S29). Of 
these soils, a total of 12 soils were used for determining normal reference levels in 
uncontaminated soils: S12-S20, S22, S25, S26.   
 
2.2. Soil characteristics 
Soil electrical conductivity was measured with a WTW LF 537 electrode 
(Wissenschaftlich-Technischen Werkstäten, Weilheim, Germany) after equilibration for 
30 minutes in deionized water at a 5:1 liquid:solid ratio and subsequent filtering (white 
ribbon; Schleicher & Schuell, Dassel, Germany). pH-H2O was determined by allowing 
10 g of air-dried soil to equilibrate in 50 ml of deionized water for 24 h and 
subsequently measuring the pH of the supernatant with a pH glass electrode (Model 
520A, Orion, Boston, MA, USA). pH-KCl was determined by equilibrating 10 g of air-
dried soil in 50 ml of 1 M KCl for 10 min and measuring the pH of the supernatant with 
a pH glass electrode (Model 520A, Orion, Boston, MA, USA). Total carbonate content 
present in the sediment was determined by adding a known excess quantity of sulphuric 
acid and back titrating the excess with sodium hydroxide (Van Ranst et al., 1999). 
Organic matter was determined using the method described by Walkley & Black 
(Allison, 1965). The grain size distribution of the soil samples was determined using 
laser diffractometry (Coulter LS200, Miami, FL, USA) with the clay fraction defined as 
the 0-6 µm fraction (Vandecasteele et al., 2002a). This fraction was found to correspond 
with the 0-2 µm fraction using the conventional pipette method. Likewise, 6-63 µm was 
used as the silt fraction and 63-2000 µm as the sand fraction. The Cation Exchange 
Capacity (CEC) of the sediment was determined by first saturating the soil matrix with 
NH4
+, then desorbing the NH4
+ by K+ and measuring the quantity of the NH4
+ in the 
leachate (Van Ranst et al., 1999). Field capacity was determined by adding an excess of 
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water to 400 g dry weight soil. The soils were assumed to be at field capacity when 
formation of further droplets at the bottom of the pot after free percolation had fully 
ended.  
 
2.3. Extraction procedures 
Pseudo-total soil content of heavy metals was estimated by aqua regia digestion (Van 
Ranst et al., 1999). Heavy metal (Cd, Cu, Ni, Pb, Zn) analysis in the digestion and the 
various extractions was subsequently performed using inductively coupled plasma – 
optical Emission spectrometry (ICP-OES; Varian Vista MPX, Varian, Palo Alto, CA, 
USA). Metal levels below the analytical detection limit of the ICP-OES were analysed 
with graphite furnace – atomic absorption spectrometry with Zeeman correction (GF-
AAS; Varian SpectrAA 800, Varian, Palo Alto, CA, USA). However, GF-AAS was not 
used for analysis of extractions with high ionic strength because of analytical issues. 
 
The following extraction procedures were compared in their ability to release heavy 
metals from the soil (Table 3.1.). All extraction protocols were performed on air-dried 
and ground soil. For the soil solution extraction by Rhizon soil moisture samplers 
(MOM-type; Eijkelkamp Agrisearch, Giesbeek, the Netherlands), pots containing 400 g 
of air dry soil were brought to field capacity and incubated at constant soil moisture 
content for three weeks. Soil solution extraction was performed by inserting the inert 
porous tubing of the Rhizon into the soils. At the other end of the soil moisture sampler, 
a Luer-Lock connector was attached to a needle which was subsequently inserted into a 
vacuum tube (vacuette) to provide the required suction to extract soil solution over the 
porous filter material (< 0.1 µm diameter). Based on soil moisture content at field 
capacity, the Rhizon extractable concentrations were transformed from mg.l-1 to mg.kg-1 
dry weight soil basis to allow for comparison of relative metal extractability between 
the various protocols.  
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Extraction solution Liquid:Solid Equilibration Reference
ratio time
H2O 5:1 24h After Brown et al., 1994a
Rhizon Soil Moisture Samplers At field capacity -
0.01 M CaCl2 5:1 2h Van Ranst et al., 1999 
0.01 M Ca(NO3)2 5:1 2h
1 M NH4NO3 2.5:1 2h DIN, 1995 ; Legislation Germany
0.1 M NaNO3 2.5:1 2h Bo, 1986 ; Legislation Switzerland
1 M MgCl2 8:1 1h Tessier et al., 1979
1 M Mg(NO3)2 8:1 1h Adapted after Gommy et al., 1998
0.11 M HOAc1 40:1 16h Rauret et al., 1999
1 M NH4OAc (pH 7.0) 30:1 Column displacement Van Ranst et al., 1999
0.5 M HNO3 5:1 30' Van Ranst et al., 1999
0.1 M HCl1 25:1 2.5h Fiszman et al., 1984
0.005 M DTPA, 0.01 M CaCl2, 0.1 M TEA (pH 7.3) 2:1 2h Lindsay & Norvell, 1978
0.5 M NH4OAc, 0.5 M HOAc, 0.02 M EDTA (pH 4.65) 5:1 30' Van Ranst et al., 1999
Table 3.1. Single extraction procedures used in this study 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
All single extractions except H2O were filtered over paper filters (Schleicher & Schuell, 
Dassel, Germany). Some protocols do suggest the use of paper filters (e.g. 0.01 CaCl2), 
whereas others propose the use of membrane filters (e.g. 0.1 M NaNO3, 1 M NH4NO3). 
However, the same filter type was used for all single extractions to allow for full 
comparability of extractable levels. Also, the 0.1 M NaNO3 and 1 M NH4NO3 
extraction procedures as stipulated in the Swiss and German guidelines (Bo, 1986; DIN, 
1995) involve the use of end-over-end shakers. Because of the high amount of samples 
in this experiment (87 per extraction procedure) and the low amount of samples which 
could simultaneously be processed on an end-over-end shaker, planar shakers were 
preferred for this experiment. To assure sufficient soil mixing at the low L:S ratio 
(2.5:1), silicate marbles were introduced in the extraction mixtures. The marbles were 
acid washed and subsequently rinsed with deionized water prior to use in the 
extractions. 
 
The Rhizon, 0.01 M CaCl2, 0.5 M HNO3, EDTA, DTPA and 1 M NH4OAc extractions 
were performed on all soils (n = 29). The 0.1 M NaNO3, 1 M NH4NO3, 0.11 M HOAc, 
0.1 M HCl and 1 M MgCl2 extractions were performed on a selected subset of the soils 
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(n = 19). The 0.01 M Ca(NO3)2 and 1 M Mg(NO3)2 extractions were performed on six 
soils for comparison with the 0.01 M CaCl2 and 1 M MgCl2 extractions. Three of these 
soils were clayey soils with pH > 7 and three were sandy soils with pH < 7. 
 
All filtrates were acidified with concentrated HNO3 to avoid post-filtration precipitation 
or adsorption of metals within the samples, prior to elemental analysis. Extractions were 
performed in triplicate. 
 
2.4. Correlation with plant uptake 
To assess the interaction between soil extractions and plant metal uptake, two growth 
experiments were conducted. The selected plant species for both experiments was 
Phaseolus vulgaris. Although the obtained correlation results between chemical assays 
and plant concentrations may vary between plant species, the current comparison does 
allow to gain insight in the potential use of chemical assays for “phytoavailability” 
assessment. In the first experiment, primary leaves were harvested after two weeks and 
analysed for metal content. In the second experiment, total shoot content was assessed 
after four weeks of growth. 
 
After 1 day vernalisation and 4h imbibition, seeds were sown in polyethylene pots of 
400 ml (4 pots per treatment, 4 plants per pot). The plants were cultured in a growth 
chamber under controlled conditions (22 °C, 65 % relative air humidity, 12 h light, 
photosynthetic active radiation 150 µmol m-2 s-1) and watered daily up to 40% (first 
week) and 60% (second week) of the field capacity. Samples for determination of heavy 
metal content were air-dried, ground and ashed at 450°C in a porcelain crucible. The 
ashes were subsequently dissolved in 5 ml 6 M HNO3 and heated on a hot plate 
(150°C). After 1h of heating, 5 ml of 3 M HNO3 were added to the mixture and allowed 
to heat for another 15’. The resulting solution was passed through a blue ribbon filter 
(Schleicher & Schuell, Dassel, Germany) and the resulting filtrate was brought to 50 ml 
volume with 1% HNO3. Analysis of Al, Cd, Cr, Cu, Mn, Ni, Pb and Zn was 
subsequently performed using ICP-OES (Varian Vista MPX, Varian, Palo Alto, CA, 
USA). 
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2.5. Statistical analysis 
All chemical analyses were performed in triplicate. Hierarchical clustering was 
performed in SPSS 11.0 (SPSS Inc.), based on Pearson correlations and complete 
linkage. Descriptive statistics were performed in SPSS 11.0 and Excel 9.0 (Microsoft 
Inc.). Significance of observed differences was assessed using a compare means t test, 
making use of the SPSS 11.0 software package (significance level α = 0.05). 
Correlation analysis between plant concentrations and observed concentrations in the 
soil extractions was based on Pearson. 
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3. Results  
3.1. Soil characteristics 
Soil composition and pollution levels varied widely over the 29 soils used (Table 3.2.). 
Soil texture ranged from sandy soils to silty clay loam and silty clay on the USDA 
texture triangle (Fig. 3.1.). Total metal content varied between: 0.3-41.4 mg.kg-1 for Cd, 
0-1,069 mg.kg-1 for Cu, 0.9-44 mg.kg-1 for Ni and 18-10,839 mg.kg-1 for Zn.  
 
For the purposes of comparing relative metal extractability, expressed in reference to 
(pseudo-) total content, the soils can be subdivided in the following groups: (i) soils 
with sandy loam and loamy sand texture, with pH ≤ 7 (no free carbonates) (n = 7), (ii) 
silty clay loam, clay loam, and silty clay texture with pH > 7 (free carbonates) (n = 13), 
(iii) silty loam and loam texture with pH > 7 (free carbonates) (n = 5), (iv) silt loam 
soils with pH ≤ 7 (no free carbonates) (n = 3). The first group corresponds with sandy 
soils, the second group with clayey soils and the last two groups are more loamy soil 
either with or without free carbonates present. For the last two groups, comparison of 
metal extractability were performed only for the HNO3, EDTA, DTPA, NH4OAc, CaCl2 
and Rhizon extractions, as for the other extractions which were performed on selected 
samples (19 of 29 soils) there were too few observed cases (< 3 soils) remaining within 
these classes to draw representative conclusions. Physicochemical characteristics of the 
texture subgroups were: (i) pH 5.2-7.0, no free carbonates, organic matter content 2.4-
10%, cation exchange capacity 2.7-8.7 cmol(+).kg-1, (ii) pH 7.3-8.2, CaCO3 content 3.8-
11.8%, organic matter content 3.6-12.7%, 14-39.2 cmol(+).kg-1, (iii) pH 7.3-8.2, CaCO3 
content 1.4-26.6%, organic matter content 0.9-12.8%, cation exchange capacity 4.4-31.4 
cmol(+).kg-1, (iv) pH 5.6-6.1, no free carbonates, organic matter 2.7-4.9%, 5.0-8.2 
cmol(+).kg-1.  
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Soil EC pH-H20 pH-KCl CO3 OM Clay Silt Sand CEC FC USDA texture class
µS.cm
-1
- - % % % % % cmol(+).kg ml.kg
-1 
S1 123 ± 9 7.7 7.0 6.9 ± 1.3 5.9 ± 0.5 28 48 25 17.5 ± 0.9 320 Clay loam
S2 375 ± 2 7.7 7.1 7.6 ± 0.8 7.4 ± 0.5 40 54 6 26.2 ± 1.4 379 Silty clay loam
S3 1116 ± 14 7.5 7.1 7.9 ± 0.8 4.3 ± 0.5 35 63 3 16.6 ± 1.7 335 Silty clay loam
S4 181 ± 2 7.6 7.0 7.3 ± 0.5 6.0 ± 0.6 34 54 12 20.4 ± 0.6 358 Clay loam
S5 455 ± 7 8.2 7.8 8.3 ± 0.9 6.6 ± 0.4 35 56 9 23.4 ± 1.2 375 Silty clay loam
S6 348 ± 2 7.3 6.5 9.0 ± 1.0 9.9 ± 0.3 52 48 0 34.2 ± 1.6 384 Silty clay 
S7 1963 ± 20 7.6 7.1 3.8 ± 0.6 8.5 ± 0.6 51 47 2 39.2 ± 0.5 342 Silty clay 
S8 362 ± 5 7.5 6.9 7.9 ± 0.9 8.2 ± 0.4 40 59 1 28.7 ± 0.2 377 Silty clay loam
S9 438 ± 9 7.4 6.9 11.8 ± 0.7 9.7 ± 0.1 50 50 0 29.8 ± 1.5 351 Silty clay
S10 400 ± 10 7.4 7.0 5.9 ± 1.0 12.7 ± 0.2 47 53 0 27.7 ± 5.3 386 Silty clay
S11 425 ± 6 7.3 7.0 6.0 ± 0.8 10.6 ± 0.2 39 52 9 23.4 ± 1.3 350 Silty clay loam
S12 216 ± 4 7.3 7.2 7.6 ± 0.0 6.2 ± 0.3 22 42 36 17.8 ± 1.2 328 Loam
S13 154 ± 13 8.1 7.5 11.1 ± 0.1 3.1 ± 0.2 22 33 45 13.7 ± 0.3 298 Loam
S14 516 ± 4 7.5 7.2 9.8 ± 0.0 5.3 ± 0.3 28 65 7 14.0 ± 0.7 326 Silty clay loam
S15 121 ± 1 7.7 7.1 1.4 ± 0.1 2.4 ± 0.1 18 45 37 14.4 ± 0.6 300 Loam
S16 138 ± 0 7.0 5.6 0.0 ± 0.1 3.8 ± 0.1 9 24 67 7.4 ± 1.1 259 Sandy loam
S17 52 ± 1 5.9 4.6 0.0 ± 0.2 3.5 ± 0.1 15 60 24 5.6 ± 0.2 214 Silt loam
S18 216 ± 8 7.5 7.0 10.6 ± 0.3 3.6 ± 0.1 37 54 9 22.2 ± 0.6 321 Silty clay loam
S19 127 ± 4 5.6 4.4 0.0 ± 0.1 2.7 ± 0.0 26 73 1 8.2 ± 0.0 290 Silt loam
S20 345 ± 7 8.2 7.7 26.6 ± 0.2 12.8 ± 0.2 27 51 22 31.4 ± 0.7 298 Silt loam
S21 2823 ± 12 3.6 3.0 0.0 ± 0.1 2.8 ± 0.1 42 37 22 18.7 ± 0.7 310 Clay  
S22 119 ± 4 5.6 4.6 0.0 ± 0.1 10.0 ± 0.1 10 36 55 8.7 ± 0.8 318 Sandy loam
S23 88 ± 7 8.2 7.6 2.7 ± 0.1 0.9 ± 0.1 11 28 61 4.4 ± 0.4 230 Sandy loam
S24 63 ± 4 5.8 5.1 0.0 ± 0.1 2.8 ± 0.0 8 24 68 3.0 ± 0.5 213 Sandy loam
S25 122 ± 3 6.1 5.3 0.0 ± 0.1 4.9 ± 0.1 14 58 28 5.0 ± 0.4 243 Silt loam
S26 45 ± 3 5.2 4.0 0.0 ± 0.1 4.9 ± 0.1 6 14 80 3.7 ± 0.8 190 Loamy sand
S27 97 ± 4 6.1 5.8 0.0 ± 0.4 2.4 ± 0.0 8 28 64 2.7 ± 0.0 211 Sandy loam
S28 108 ± 4 5.9 5.0 0.0 ± 0.1 4.9 ± 0.5 4 14 83 3.6 ± 0.6 250 Loamy sand
S29 137 ± 38 5.3 4.4 0.0 ± 0.3 7.8 ± 0.2 4 8 88 6.2 ± 0.7 246 Sand
Table 3.2. General properties of the soils under study : electrical conductivity (EC), soil 
acidity (pH-H2O; pH-KCl), carbonate content (CaCO3), organic matter (OM), cation 
exchange capacity (CEC), field capacity (FC), texture and texture class ; Intervals 
denote standard deviations (n = 3) 
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Fig. 3.1. Overview of the texture gradient of the 29 soils used in the experiment 
 
 
3.2. Heavy metal extractability 
Fig. 3.2. - Fig. 3.6. present the relative extractability with each protocol, expressed 
versus (pseudo)total content as estimated by the aqua regia digestion. A distinction was 
made between the acidic, sandy soils in the dataset, the neutral to slightly alkaline 
clayey soils containing free carbonates and the silty soils with and without free 
carbonates.  
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Fig. 3.2. Relative Cd extractability with different extraction procedures (% of pseudo-
total) in (i) acidic sandy soil types, (ii) clayey soil types with pH > 7, (iii) alkaline silty 
soils and (iv) acidic silty soils; error bars denote standard deviation (n = 3) 
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Fig. 3.3. Relative Cu extractability with different extraction procedures (% of pseudo-
total) in (i) acidic sandy soil types, (ii) clayey soil types with pH > 7, (iii) alkaline silty 
soils and (iv) acidic silty soils; error bars denote standard deviation (n = 3) 
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Fig. 3.4. Relative Ni extractability (% of pseudo-total) with different extraction 
procedures in (i) acidic sandy soil types, (ii) clayey soil types with pH > 7, (iii) alkaline 
silty soils and (iv) acidic silty soils; error bars denote standard deviation (n = 3) 
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Fig. 3.5. Relative Pb extractability (% of pseudo-total) with different extraction 
procedures in (i) acidic sandy soil types, (ii) clayey soil types with pH > 7, (iii) alkaline 
silty soils and (iv) acidic silty soils; error bars denote standard deviation (n = 3) 
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Fig. 3.6. Relative Zn extractability (% of pseudo-total) with different extraction 
procedures in (i) acidic sandy soil types, (ii) clayey soil types with pH > 7, (iii) alkaline 
silty soils and (iv) acidic silty soils; error bars denote standard deviation (n = 3) 
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(i) (ii)
Mean Sd Mean Sd 
(mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
)
Aqua regia 0.41 ± 0.16 Aqua regia 0.39 ± 0.09
HNO3 0.36 ± 0.34 HCl 0.35 ± 0.06
HCl 0.34 ± 0.30 HNO3 0.37 ± 0.06
EDTA 0.25 ± 0.23 EDTA 0.24 ± 0.04
HAc 0.23 ± 0.12 HAc 0.23 ± 0.03
DTPA 0.21 ± 0.20 DTPA 0.18 ± 0.04
NH4OAc 0.14 ± 0.13 MgCl2 0.13 ± 0.02
MgCl2 0.18 ± 0.15 NH4OAc 0.14 ± 0.04
NH4NO3 0.050 ± 0.046 NH4NO3 0.010 ± 0.005
CaCl2 0.037 ± 0.031 CaCl2 0.0012 ± 0.0006
NaNO3 0.0093 ± 0.0080 NaNO3 0.0020 ± 0.0004
Rhizon 0.0010 ± 0.0010 Rhizon 0.00018 ± 0.00008
(iii) (iv)
Mean Sd Mean Sd 
(mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
)
Aqua regia 0.38 ± 0.28 Aqua regia 0.81 ± 1.00
HNO3 0.20 ± 0.09 HNO3 0.86 ± 1.07
EDTA 0.25 ± 0.13 EDTA 0.65 ± 0.79
DTPA 0.22 ± 0.16 DTPA 0.51 ± 0.65
NH4OAc 0.095 ± 0.021 NH4OAc 0.41 ± 0.56
CaCl2 0.0009 ± 0.0006 CaCl2 0.069 ± 0.068
Rhizon 0.00045 ± 0.00062 Rhizon 0.0013 ± 0.0019
3.3. Reference levels 
Table 3.3.-3.7. present the extractable levels of heavy metals for each of the extractants 
under study for the 12 control soils (S12 - S20, S22, S25, S26). Pseudo-total Cd content 
in all reference soils was below 0.81 mg.kg-1 for Cd, 20 mg.kg-1 for Cu, 20 mg.kg-1 for 
Ni, 48 mg.kg-1 for Pb and 155 mg.kg-1 for Zn. The extractable levels with the various 
extraction protocols can therefore been regarded as reference levels under non-polluted 
conditions. 
 
Kabata-Pendias & Pendias (2001) reported soil solution levels in reference soil to range 
between 0.01 – 5 µg.l-1 for Cd, 0.5 – 135 µg.l-1 for Cu, 3 – 150 µg.l-1 for Ni, 0.6 – 63 
µg.l-1 for Pb and 1 – 750 µg.l-1 for Zn. Wolt (1994) estimated mean natural abundance 
of these trace elements in the soil solution at 4.5 µg.l-1 for Cd, 63.6 µg.l-1 for Cu, 10.0 
µg.l-1 for Ni, 1.0 µg.l-1 for Pb and 5.2 µg.l-1 for Zn. In the current study the soil solution 
levels were observed to range between (mean value between brackets): 0.3 – 14 (2.9) 
µg.l-1 for Cd, 11 – 177 (55) µg.l-1 for Cu, 5.6 – 62 (16.7) µg.l-1 for Ni, 0.08 – 27.5 (4.5) 
µg.l-1 for Pb and 3.6 – 1132 (276) µg.l-1 for Zn. 
 
Table 3.3. Extracted levels of Cd (mg.kg-1) in unpolluted control soils for (i) sandy soil 
types with pH < 7, (ii) clayey soil types with pH > 7, (iii) silty soil types with pH > 7, 
(iv) silty soil types with pH < 7; Sd: standard deviation (soil samples analysed in 
triplicate) 
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(i) (ii)
Mean Sd Mean Sd 
(mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
)
Aqua regia 14 ± 3 Aqua regia 20 ± 3
HNO3 7.6 ± 1.7 HNO3 7.4 ± 1.4
EDTA 5.9 ± 0.7 HCl 3.4 ± 0.1
HCl 8.7 ± 0.0 EDTA 6.5 ± 2.2
DTPA 3.5 ± 1.1 DTPA 5.2 ± 1.4
HAc 0.61 ± 0.23 HAc 0.85 ± 0.08
NH4OAc 0.23 ± 0.01 NH4OAc 0.60 ± 0.04
MgCl2 0.15 ± 0.02 MgCl2 0.38 ± 0.08
NH4NO3 0.080 ± 0.052 NH4NO3 0.26 ± 0.08
NaNO3 0.098 ± 0.032 NaNO3 0.15 ± 0.02
CaCl2 0.056 ± 0.001 CaCl2 0.098 ± 0.055
Rhizon 0.040 ± 0.023 Rhizon 0.012 ± 0.007
(iii) (iv)
Mean Sd Mean Sd 
(mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
)
Aqua regia 13 ± 3 Aqua regia 11 ± 3
HNO3 3.8 ± 2.5 HNO3 6.7 ± 2.9
EDTA 3.8 ± 1.4 EDTA 4.6 ± 1.6
DTPA 3.0 ± 1.3 DTPA 3.0 ± 1.5
NH4OAc 0.50 ± 0.34 NH4OAc 0.23 ± 0.17
CaCl2 0.049 ± 0.025 CaCl2 0.055 ± 0.022
Rhizon 0.0092 ± 0.0048 Rhizon 0.015 ± 0.008
(i) (ii)
Mean Sd Mean Sd 
(mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
)
Aqua regia 2.9 ± 1.3 Aqua regia 20 ± 3
HNO3 0.77 ± 0.47 HNO3 2.2 ± 0.4
EDTA 0.41 ± 0.21 HCl 3.1 ± 0.5
HCl 0.82 ± 0.40 EDTA 1.0 ± 0.2
DTPA 0.35 ± 0.18 DTPA 0.84 ± 0.13
HAc 0.76 ± 0.09 HAc 1.20 ± 0.34
NH4OAc 0.085 ± 0.035 NH4OAc 0.14 ± 0.03
MgCl2 0.33 ± 0.08 MgCl2 0.25 ± 0.03
NH4NO3 0.10 ± 0.11 NH4NO3 < dl
NaNO3 0.022 ± 0.005 NaNO3 0.042 ± 0.001
CaCl2 0.025 ± 0.007 CaCl2 0.013 ± 0.004
Rhizon 0.0033 ± 0.0022 Rhizon 0.012 ± 0.011
(iii) (iv)
Mean Sd Mean Sd 
(mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
)
Aqua regia 19 ± 2 Aqua regia 6.3 ± 4.4
HNO3 1.7 ± 1.1 HNO3 1.0 ± 0.5
EDTA 1.4 ± 0.6 EDTA 0.7 ± 0.5
DTPA 1.1 ± 0.8 DTPA 0.5 ± 0.3
NH4OAc 0.10 ± 0.03 NH4OAc 0.17 ± 0.04
CaCl2 0.030 ± - CaCl2 0.053 ± 0.049
Rhizon 0.0047 ± 0.0016 Rhizon 0.0024 ± 0.0008
Table 3.4. Extracted levels of Cu (mg.kg-1) in unpolluted control soils for (i) sandy soil 
types with pH < 7, (ii) clayey soil types with pH > 7, (iii) silty soil types with pH > 7, 
(iv) silty soil types with pH < 7; Sd: standard deviation (soil samples analysed in 
triplicate) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.5. Extracted levels of Ni (mg.kg-1) in unpolluted control soils for (i) sandy soil 
types with pH < 7, (ii) clayey soil types with pH > 7, (iii) silty soil types with pH > 7, 
(iv) silty soil types with pH < 7 ; Sd: standard deviation (soil samples analysed in 
triplicate) 
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(i) (ii)
Mean Sd Mean Sd 
(mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
)
Aqua regia 18 ± 14 Aqua regia 48 ± 16
HNO3 16 ± 10 HNO3 30 ± 20
HCl 15 ± 10 EDTA 22 ± 12
EDTA 8.3 ± 4.1 HCl 17 ± 10
DTPA 5.5 ± 2.1 DTPA 16 ± 9
NH4OAc 1.0 ± 0.3 NH4OAc 1.0 ± 0.6
CaCl2 0.0068 ± 0.0069 CaCl2 0.013 ± -
Rhizon 0.0012 ± 0.0013 Rhizon 0.00025 ± 0.00007
(iii) (iv)
Mean Sd Mean Sd 
(mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
)
Aqua regia 39 ± 23 Aqua regia 38 ± 36
EDTA 18 ± 11 HNO3 29 ± 30
HNO3 17 ± 15 EDTA 14 ± 12
DTPA 15 ± 11 DTPA 8.4 ± 6.9
NH4OAc 0.87 ± 0.64 NH4OAc 1.5 ± 1.3
CaCl2 0.0090 ± 0.0008 CaCl2 0.0091 ± 0.0042
Rhizon 0.0031 ± 0.0045 Rhizon 0.00037 ± 0.00055
(i) (ii)
Mean Sd Mean Sd 
(mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
)
Aqua regia 67 ± 73 Aqua regia 155 ± 83
HNO3 64 ± 80 HNO3 74 ± 79
EDTA 49 ± 61 HCl 68 ± 68
HCl 87 ± 90 EDTA 34 ± 35
DTPA 38 ± 48 DTPA 25 ± 27
HAc 49 ± 56 HAc 33 ± 41
NH4OAc 16 ± 17 NH4OAc 5.4 ± 7.1
MgCl2 25 ± 34 MgCl2 0.96 ± 0.64
NH4NO3 8.9 ± 7.4 NH4NO3 0.085 ± 0.064
NaNO3 2.2 ± 1.8 NaNO3 0.060 ± 0.057
CaCl2 5.9 ± 5.7 CaCl2 0.075 ± 0.078
Rhizon 0.15 ± 0.13 Rhizon 0.0050 ± 0.0071
(iii) (iv)
Mean Sd Mean Sd 
(mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
) (mg.kg
-1
)
Aqua regia 63 ± 14 Aqua regia 70 ± 73
HNO3 11 ± 8 HNO3 39 ± 51
EDTA 8.1 ± 3.2 EDTA 27 ± 36
DTPA 6.9 ± 4.2 DTPA 21 ± 28
NH4OAc 1.2 ± 1.9 NH4OAc 11 ± 13
CaCl2 0.020 ± 0.020 CaCl2 2.7 ± 2.9
Rhizon 0.010 ± 0.010 Rhizon 0.093 ± 0.153
Table 3.6. Extracted levels of Pb (mg.kg-1) in unpolluted control soils for (i) sandy soil 
types with pH < 7, (ii) clayey soil types with pH > 7, (iii) silty soil types with pH > 7, 
(iv) silty soil types with pH < 7 ; Sd: standard deviation (soil samples analysed in 
triplicate) 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.7. Extracted levels of Zn (mg.kg-1) in unpolluted control soils for (i) sandy soil 
types with pH < 7, (ii) clayey soil types with pH > 7, (iii) silty soil types with pH > 7, 
(iv) silty soil types with pH < 7 ; Sd: standard deviation (soil samples analysed in 
triplicate) 
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Cd (mg.kg
-1
) Cu (mg.kg
-1
)
Soil Primary leaves Total shoot content Soil Primary leaves Total shoot content 
DW ash DW ash DW ash dry weight ash
1 0.16 ± 0.04 1.4 ± 0.4 0.15 ± 0.01 0.98 ± 0.04 1 14 ± 1 128 ± 17 12 ± 1 79 ± 9
2 0.17 ± 0.04 1.6 ± 0.4 0.13 ± 0.02 0.82 ± 0.11 2 16 ± 1 151 ± 13 14 ± 2 86 ± 14
3 0.15 ± 0.08 1.1 ± 0.4 3 16 ± 1 106 ± 4
5 0.12 ± 0.07 1.2 ± 0.7 0.16 ± 0.09 1.1 ± 0.6 5 16 ± 2 158 ± 8 15 ± 2 100 ± 12
6 0.24 ± 0.08 2.0 ± 0.6 0.37 ± 0.05 2.5 ± 0.4 6 15 ± 2 127 ± 5 15 ± 1 102 ± 5
7 0.10 ± 0.04 0.78 ± 0.32 0.09 ± 0.01 0.65 ± 0.07 7 13 ± 1 106 ± 22 13 ± 1 93 ± 8
9 0.15 ± 0.05 2.2 ± 0.7 0.25 ± 0.03 2.1 ± 0.2 9 20 ± 1 286 ± 14 22 ± 1 185 ± 13
10 0.27 ± 0.02 3.6 ± 0.2 0.61 ± 0.14 4.9 ± 1.3 10 17 ± 2 225 ± 69 13 ± 0 103 ± 4
11 0.31 ± 0.07 2.4 ± 0.8 11 13 ± 2 99 ± 27
12 0.10 ± 0.02 0.75 ± 0.17 12 8.0 ± 1.2 60 ± 10
17 0.09 ± 0.04 1.1 ± 0.5 0.15 ± 0.10 2.7 ± 1.6 17 13 ± 1 164 ± 4 9.0 ± 1.2 168 ± 20
18 0.08 ± 0.06 0.77 ± 0.56 0.14 ± 0.12 1.1 ± 1.0 18 12 ± 1 119 ± 20 10 ± 0 75 ± 5
20 0.09 ± 0.02 0.68 ± 0.17 0.09 ± 0.02 0.54 ± 0.11 20 14 ± 1 110 ± 18 9.1 ± 0.8 58 ± 6
22 0.20 ± 0.08 2.1 ± 0.8 0.21 ± 0.01 1.8 ± 0.1 22 14 ± 3 145 ± 24 10 ± 1 80 ± 8
24 0.72 ± - 12 ± - 3.5 ± 1.5 67 ± 31 24 29 ± - 485 ± - 17 ± 2 318 ± 52
25 1.1 ± 0.4 9.6 ± 3.3 25 9.7 ± 0.7 89 ± 5
26 0.52 ± 0.18 8.4 ± 2.9 0.61 ± 0.06 7.5 ± 0.6 26 16 ± 2 259 ± 39 11 ± 1 141 ± 13
27 † † † † 27 † † † †
28 0.56 ± 0.06 7.2 ± 0.7 1.7 ± 0.2 14 ± 2 28 14 ± 1 180 ± 9 13 ± 1 100 ± 8
29 4.0 ± 0.4 43 ± 1 29 14 ± 2 152 ± 24
† : no growth
3.4. Plant uptake of heavy metals 
In order to link “phytoavailability” estimations based on chemical assays to effective 
plant accumulation of heavy metals, uptake by a selected test species (P. vulgaris) was 
assessed. Tables 3.8.-3.10. present plant concentrations of heavy metals, grown on the 
soils under study. The concentrations have been expressed, both on dry weight basis and 
on ash weight basis. The seeds failed to germinate altogether on the heavily polluted 
soil S27. Observed correlations between extractable levels and plant concentrations will 
be discussed in further detail in 4.3. 
 
 
Table 3.8.  Cd and Cu concentrations (mg.kg-1) in primary leaves (after 2 weeks) and 
shoots (after 4 weeks) of P. vulgaris grown on a selected subset of soils, expressed on 
dry weight (DW) or ash weight basis; intervals indicate standard deviation (n = 3) 
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Ni (mg.kg
-1
) Pb (mg.kg-1)
Soil Primary leaves Total shoot content Soil Primary leaves Total shoot content 
DW ash dry weight ash DW ash dry weight ash
1 6.0 ± 1.9 55 ± 22 7.7 ± 1.6 50 ± 13 1 0.93 ± 0.46 8.4 ± 4.2 0.79 ± 0.15 5.1 ± 1.0
2 6.1 ± 0.5 59 ± 9 2.4 ± 0.4 15 ± 3 2 1.6 ± 0.2 15 ± 2 0.79 ± 0.45 4.8 ± 2.8
3 2.8 ± 0.4 18 ± 3 3 0.71 ± 0.24 4.8 ± 1.6
5 5.7 ± 1.5 57 ± 11 3.3 ± 0.5 21 ± 4 5 0.95 ± 0.24 10 ± 2 0.74 ± 0.37 4.8 ± 2.4
6 6.1 ± 0.7 52 ± 10 3.2 ± 0.4 21 ± 3 6 2.2 ± 1.5 18 ± 13 0.97 ± 0.27 6.4 ± 1.8
7 7.9 ± 2.7 61 ± 12 3.1 ± 0.9 23 ± 7 7 1.5 ± 0.3 12 ± 2 0.87 ± 0.22 6.3 ± 1.6
9 6.8 ± 0.8 98 ± 14 3.4 ± 0.3 28 ± 4 9 1.4 ± 0.1 19 ± 2 1.1 ± 0.2 9.4 ± 2.0
10 4.5 ± 0.8 59 ± 19 2.1 ± 0.2 17 ± 2 10 1.4 ± 0.2 18 ± 2 0.50 ± 0.39 4.1 ± 3.2
11 2.2 ± 0.5 17 ± 5 11 0.30 ± 0.12 2.3 ± 0.9
12 2.1 ± 0.3 16 ± 3 12 0.30 ± 0.15 2.3 ± 1.2
17 5.0 ± 0.3 62 ± 8 2.4 ± 0.9 46 ± 19 17 0.8 ± 0.1 9.5 ± 1.6 0.32 ± 0.04 5.9 ± 0.8
18 5.0 ± 0.5 48 ± 8 4.0 ± 0.1 30 ± 2 18 1.1 ± 0.1 11 ± 1 0.42 ± 0.23 3.2 ± 1.7
20 4.2 ± 1.2 34 ± 12 2.2 ± 0.0 14 ± 0 20 1.0 ± 0.7 7.6 ± 5.2 0.37 ± 0.15 2.4 ± 0.9
22 5.2 ± 2.1 53 ± 21 1.9 ± 0.4 16 ± 3 22 1.3 ± 0.1 13 ± 1 0.54 ± 0.29 4.5 ± 2.5
24 9.3 ± - 156 ± - 5.3 ± 0.9 100 ± 24 24 5.2 ± - 86 ± - 5.4 ± 0.7 100 ± 12
25 2.5 ± 1.0 23 ± 8 25 0.49 ± 0.15 4.5 ± 1.4
26 5.8 ± 1.6 95 ± 32 4.9 ± 0.6 60 ± 7 26 1.2 ± 0.5 19 ± 7 0.72 ± 0.18 8.7 ± 2.2
27 † † † † 27 † † † †
28 3.5 ± 2.1 44 ± 22 2.6 ± 0.6 20 ± 4 28 0.9 ± 0.2 11 ± 3 0.97 ± 0.19 7.6 ± 1.5
29 2.8 ± 0.5 30 ± 8 29 1.8 ± 1.4 19 ± 15
† : no growth
Zn (mg.kg
-1
)
Primary leaves Total shoot content 
DW ash dry weight ash
1 48 ± 3 432 ± 11 65 ± 5.6 425 ± 52
2 59 ± 4 566 ± 55 72 ± 4.4 437 ± 33
3 69 ± 14 466 ± 55
5 47 ± 1 476 ± 50 78 ± 14 506 ± 98
6 65 ± 9 556 ± 51 136 ± 12 897 ± 87
7 43 ± 2 346 ± 55 63 ± 10 451 ± 72
9 78 ± 7 1122 ± 76 108 ± 0.6 900 ± 45
10 59 ± 2 769 ± 167 67 ± 7.9 536 ± 80
11 88 ± 17 675 ± 188
12 41 ± 32 296 ± 213
17 38 ± 2 476 ± 17 57 ± 31 1113 ± 733
18 35 ± 1 329 ± 33 22 ± 1.7 168 ± 19
20 43 ± 3 342 ± 49 32 ± 3.1 204 ± 24
22 124 ± 21 1249 ± 207 185 ± 8.0 1569 ± 31
24 129 ± - 2163 ± - 382 ± 122 7224 ± 2725
25 164 ± 30 1501 ± 194
26 114 ± 4 1849 ± 44 172 ± 29 2104 ± 28
27 † † † †
28 135 ± 8 1738 ± 80 336 ± 22 2634 ± 202
29 420 ± 48 4472 ± 297
† : no growth
Table 3.9. Ni and Pb concentrations (mg.kg-1) in primary leaves (after 2 weeks) and 
shoots (after 4 weeks) of P. vulgaris grown on a selected subset of soils, expressed on 
dry weight (DW) or ash weight basis; intervals indicate standard deviation (n = 3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.10. Zn concentrations (mg.kg-1) in primary leaves (after 2 weeks) and shoots 
(after 4 weeks) of P. vulgaris grown on a selected subset of soils, expressed on dry 
weight (DW) or ash weight basis; intervals indicate standard deviation (n = 3) 
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4. Discussion 
4.1. Heavy metal extractability 
4.1.1. Cadmium  
Higher relative Cd extractability was observed in the acidic soils (groups (i) and (iv)), as 
opposed to the neutral to alkaline soils (groups (ii) and (iii)) (Fig. 3.2.). This effect was 
explicitly pronounced for the weaker extractants: Rhizon, 0.1 M NaNO3, 0.01 M CaCl2, 
0.01 M Ca(NO3)2, 1 M NH4NO3, 1 M Mg(NO3)2. When comparing Cd extraction 
concentrations in the control soils (Table 3.3.), the same observation could be made 
between acidic sandy or silty soils and alkaline clayey or silty soils. In addition, based 
on the Rhizon extractions, a higher relative Cd solubility was observed in the acidic soil 
groups than in the alkaline soils. Meers et al. (2005) also observed that chemometric 
multivariate relationships between soil characteristics and Cd solubility for these soils 
all contained pH as a determining factor. This accentuates the importance of pH in soil 
evaluation of Cd. The current legal framework for the assessment of heavy metals in the 
soil only takes into consideration total metal, organic matter and clay content. 
Introduction of pH can further enhance this framework from an ecological risk 
assessment perspective. 
 
For the stronger extractions, smaller differences were observed. Stronger extraction 
procedures, such as the NH4OAc-EDTA and DTPA extractions, did not discriminate 
between texture classes in regards to relative extractability. As “bioavailability” of Cd is 
assumed to be texture dependent, the lack of discrimination between soil types therefore 
put the application of these stronger extraction procedures in question for 
“bioavailability” assessment. The use of DTPA and EDTA has been widely used to 
express metal availability to plants (Jackson & Alloway, 1991; Van Ranst et al., 1999) 
or other biological actors (Dai et al., 2002). 
 
No significant differences were observed between 0.01 M Ca(NO3)2 and 0.01 M CaCl2 
extractions (Fig. 3.2.). However, significantly larger differences were observed between 
the 1 M Mg(NO3)2 and 1 M MgCl2 extractions (α = 0.05). This implies that significance 
of the Cd complexing effect of the chloride counterion in these salt based extractants 
depends on concentration. These differences were more pronounced in the alkaline 
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clayey soils (group (ii)). For all groups, the HNO3 and HCl solutions released similar 
levels of Cd than did the aqua regia digestion. In addition, these acid based extraction 
procedures exhibited high Pearson correlation with r > 0.96 for all bivariate interactions. 
These three protocols therefore not only tapped into the same pool of Cd in the soil, as 
derived from their high Pearson correlations, but did this with a comparable strength. 
This indicates that, at least for Cd, in our dataset these three protocols all express a 
measure for pseudo-total content. In literature, the HCl protocol has been referred to as 
a moderate acid attack (Fiszman et al., 1984), while HNO3 extraction has been proposed 
to extract ‘geochemically active’ metals in the soil (Tipping et al., 2003). These findings 
would indicate that the extracted pool with these solutions tends more towards the total 
content. EDTA and HOAc also correlated well with these three estimates for total 
content (r > 0.92 for all interactions), yet released lower levels of Cd and therefore 
extracted lower levels of the same pool. Extractants involving acids extracted Cd in the 
order aqua regia ≈ HCl ≈ HNO3 > EDTA (pH 4.65) ≥ HOAc.  One soil within the 
dataset exceeded a carbonate content of 25% (26.6%), which is the theoretical limit for 
full carbonate dissolution by the 0.1 M HCl and the 0.5 M HNO3 extractions. This was 
reflected in significantly lower extraction levels of respectively 7.6% for HNO3 and 
13.9% for HCl. The higher mobilization by 0.1 M HCl in comparison to 0.5 M HNO3 in 
this particular case is attributed to additional mobilization of Cd by chlorides.  
 
Levels of Cd released by 0.1 M NaNO3 were much lower than those released by 0.01 M 
CaCl2. Since the 0.01 M CaCl2 extraction was observed not to differ significantly from 
the 0.01 M Ca(NO3)2 extraction, this effect could not be attributed to the counter ions of 
the extractants (nitrate versus chloride). It is therefore to be explained by the fact that Ca 
is much more competitive than Na in cation exchange reactions for adsorption to the 
soil matrix. Pueyo et al. (2004) also observed systematically higher extraction efficiency 
of 0.01 M CaCl2 for Cd in comparison to 0.1 M NaNO3 for 10 tested soils.  
 
The 1 M NH4OAc and 1 M MgCl2 extraction protocols exhibited a high mutual 
correlation (r = 0.97) and extracted similar levels of Cd. They therefore seem to extract 
Cd from the same soil fraction. 
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4.1.2. Copper (Cu) 
The HOAc extraction exhibited distinctly different Cu extractability in the sandy, acidic 
soils (group (i)) as opposed to the other soils (Fig. 3.3.). Cu extractability reached levels 
of 42-49% in three polluted sandy soils. In other sandy soils however levels remained at 
around 3-10%. On average, HNO3, HCl and EDTA extractable Cu was also slightly 
higher in the sandy soils. Differences for the other protocols were far less pronounced. 
0.1 M HCl extractable levels of Cu varied between 49 and 72%. Kabata-Pendias (2004) 
reported HCl extractable Cu to be situated around 89-92% of total content. DTPA 
extractable Cu remained at around 24-33% of pseudo-total content, varying only little 
between acidic and alkaline soils. The low difference may be attributed to the extraction 
solution buffered at neutral pH (pH 7.3).  
 
In a study by Brun et al. (2001), relative DTPA extractable Cu in 12 soils with varying 
texture and soil acidity was on average 26 ± 10% of aqua regia digested Cu. These 
results are in close correspondence with the findings presented in this Chapter. In 
addition, 1 M NH4OAc extractable Cu (at an L:S of 20:1) in their study was on average 
6.5 ± 3.7% of pseudo-total Cu. Finally, 0.01 M CaCl2 extractable Cu (L:S 10:1) was on 
average 0.29 ± 0.14 % in alkaline soils and 3.3 ± 2.2 % in acidic soils. The results in the 
current study correspond well with the extractable levels observed by Brun et al. (2001) 
in alkaline soils but were considerably lower in acidic soils. Kabata-Pendias (2004) 
reported 0.01 M CaCl2 extractable Cu in soils to range between 0.3 – 7.8% of the total 
content. 
 
As was observed for Cd, Cu extractability did not differ between the 0.01 M CaCl2 and 
0.01 M Ca(NO3)2 extractions. In addition, in group (ii) soils (clayey, pH > 7) no 
differences were observed between 1 M MgCl2 and 1 M Mg(NO3)2 extractions. 
Differences between MgCl2 and Mg(NO3)2 observed in group (i) soils were based on 
too few observations to draw a general conclusion.  
 
Extractability by NH4OAc was significantly higher than by NH4NO3, suggesting 
complexing effect by acetic acid. Exchangeable pools of Cu estimated by any of the 
relevant protocols remained generally below 2%, with the exception of NH4OAc 
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extractable Cu. The slightly higher extraction values of the latter protocols were 
attributed to complexing effect of the acetate counter ion. In general, Cu in the soil is 
not prone to participate extensively in cation exchange reactions. This in contrast to 
metals such as Cd, of which exchangeable fractions exceeded 50% with MgCl2 and 
NH4OAc extractions and 25% with Mg(NO3)2. As was also observed by Pueyo et al. 
(2004), CaCl2 and NaNO3 extracted comparable levels of Cu, while NH4NO3 extracted 
higher levels. The higher extraction by NH4NO3 was attributed by these authors to the 
formation of strong Cu amino complexes. Kabata-Pendias (2004) reported relative 
extractability of Cu with 1 M NH4NO3 ranging between 2 and 16%. In the current study 
the observed range was considerably lower at around levels of 0.8-1.0%. Belotti (1998) 
observed NH4NO3 extractable levels of Cu ranging from 0.013-0.120 mg.kg
-1 in 26 
loamy to clayey reference soils with pH 4.9-7.1 and organic matter content of 2.3-7.9% 
originating from four different regions in Germany. This corresponds well with the 
observed range for all acidic reference soils ((i) and (iii)) in our study (cfr. also Table 
3.4.), ranging from below the detection limit up to 0.110 mg.kg-1 
 
Metal solubility, as indicated by the relative presence of Cu in the soil solution (Rhizon 
extraction) was higher in the acidic soils (groups (i) and (iv)) than in the alkaline soils 
(group (ii) and (iii)). Kabata-Pendias (2004) reported H2O extractable Cu to range 
between 0.8 – 3.5% of the total content in the soil. The maximum relative extractability 
with Rhizons in the 29 soils of our study was 0.35%. However, H2O extractable levels 
and soil moisture extraction are two distinctly different notions and cannot be compared 
directly.  
 
4.1.3. Nickel (Ni) 
The overall extractability of Ni is presented in Fig. 3.4. Relative extractability was 
higher in the sandy acidic soils (group (i)) than in the alkaline clayey soils (group (ii)). 
The effect was particularly pronounced for those extractions targeting the soil 
exchangeable fraction, with observed differences of up to one order of magnitude. Ni 
solubility as estimated from the Rhizon extractions was also observed to be higher in 
the acidic soils (groups (i) and (iv)). Effects of chlorides in the 0.01 M CaCl2 and 1 M 
MgCl2 were not explicit in comparison to the 0.01 M Ca(NO3)2 and 1 M Mg(NO3)2 
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extractions respectively. This indicates that chloride complexation of Ni is not 
significant as opposed to Cd. Also, no clear difference in metal release was observed 
between the HCl and HNO3 extractions. Differences between NH4OAc and NH4NO3, 
indicative for the effect of acetate on release of Ni from the soil, were only pronounced 
in the clayey alkaline soils (ii).  
 
The low observed extraction levels in the silty soil types (iii, iv) as opposed to the sandy 
(i) and clayey soils (ii) was not attributed to distinct texture induced effects, but by the 
fact that in the investigated soils did not contain elevated levels of Ni. Metals in 
unpolluted soils are thought to be more strongly bound to the soil matrix than metals in 
anthropogenically enriched soils. Maximum Ni content in the group (iii) and group (iv) 
soils was respectively 12.0 and 2.0 mg.kg-1.  
 
4.1.4. Lead (Pb) 
The soluble fraction of Pb in the soils, as estimated from the Rhizon extractions, was 
very low with levels below 0.003% for all soils (Fig. 3.5.). Exchangeability of Pb 
largely depended on soil texture, with the sandy soils exhibiting higher relative 
NH4OAc, CaCl2 and MgCl2 extractable levels of Pb than the loamy soils, which in turn 
exhibited a higher extractability in comparison with clayey soil types. Relative 
extractability differed between sandy acidic soils and clayey alkaline soils with factors 
of respectively 85 for MgCl2 extractable Pb, 24 for NH4OAc extractable Pb and 8.6 for 
CaCl2 extractable Pb.  
 
4.1.5. Zinc (Zn) 
Zn extractability was higher in the acidic sandy soils than in the alkaline clayey soils 
(Fig. 3.6.). Analogously, acidic loamy soils exhibited higher relative extraction values 
than alkaline loamy soils. The effect was more pronounced for the weaker extractants, 
as was also observed for Cd and Ni. In general relative extractability of Zn, Cd and Ni 
were higher than was observed for Cu and Pb. CaCl2 extractable Zn did not differ 
significantly from Ca(NO3)2 extractable Zn, at the ionic strength of the extractant (0.01 
M). Conversely, levels of Zn extracted by MgCl2 were significantly higher than those 
observed for Mg(NO3)2, implying significant mobilization by chlorides in the 
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procedure. Similarly, NH4OAc extractable Zn was significantly higher than NH4NO3 
extractable levels, suggesting mobilizing effects by the acetate counter ion. Kabata-
Pendias (2004) reported 1 M NH4NO3 and 0.01 M CaCl2 extractable Zn to vary between 
1-25% and 0.5-22% of the total content respectively. This agrees well with the observed 
ranges in the current study, although in acidic sandy soils these fractions can attain 
higher relative fractions. Kabata-Pendias (2004) observed Zn extractability with 0.1 M 
HCl to range between 23-56%, while in our study higher extractability was observed 
averaging around 80% for sandy soils and 73% for clayey soils. 
 
Relative Zn extractability in type (iii) and (iv) soils (silty soil types), as percentage of 
pseudo-total content, was relatively low in comparison to extraction levels for Zn from 
the sandy and clayey soils. This was also observed for Ni in silty versus sandy or clayey 
soils, yet not for the other metals under investigation. For Ni, this was attributed to the 
rather low total levels in the soils of group (iii) and (iv) in our study (unpolluted soils). 
Although for most of these soils, Zn content was likewise rather low (< 100 mg.kg-1), 
two of the soils exhibited elevated levels (574 mg.kg-1, 154 mg.kg-1). 
 
4.2. Cluster analysis 
4.2.1. Cadmium (Cd) 
In order to assess their interrelationship, the various single extraction protocols were 
compared and clustered based on Pearson correlation. Fig. 3.7. presents the hierarchical 
cluster analysis of the extractions under investigation for Cd. Rhizon extracted levels 
were corrected to be expressed on mg.kg-1 dry weight soil basis.  
 
Based on the hierarchical clustering we can divide the extractions in 5 classes: (1) 
Rhizon and 0.1 M NaNO3 extractable levels, (2) 0.01 M Ca(NO3)2,  0.01 M CaCl2, 1 M 
NH4NO3, 1 M Mg(NO3)2 (3) 1 M MgCl2, 1 M NH4OAc (pH 7), (4) 0.11 M HOAc, 
EDTA extraction buffer (pH 4.65), 0.1 M HCl, 0.5 M HNO3, aqua regia, (5) DTPA 
extraction buffer (pH 7.3). The first class contains the soil solution and labile fractions 
of Cd. 
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                         Rescaled Distance Cluster Combine 
          0         5        10        15        20        25 
      +---------+---------+---------+---------+---------+ 
 
  CaCl2     2   òø 
  Ca(NO3)2  2   òú 
  NH4NO3    2   òôòòòòòòòø 
  Mg(NO3)2   2   ò÷       ùòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòø 
  Rhizon     1   òûòòòòòòò÷                                       ó 
  NaNO3     1   ò÷                                               ó 
  NH4OAc    3   òòòûòòòòòòòø                                     ó 
  MgCl2     3   òòò÷       ùòòòø                                 ó 
  Aqua regia 4   òûòòòòòø   ó   ó                                 ó 
  HOAc      4   ò÷     ùòòò÷   ó                                 ó 
  EDTA      4   òø     ó       ùòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòò÷ 
  HCl        4   òôòòòòò÷       ó 
  HNO3      4   ò÷             ó 
  DTPA      5   òòòòòòòòòòòòòòò÷ 
 
A good correlation was observed for Cd between the 0.1 M NaNO3 extraction protocol, 
derived from Swiss legislation, and the soil solution levels extracted with the Rhizon 
soil moisture samplers (r = 0.98). The extractability of Cd by these related extractions 
was in the order NaNO3 > Rhizon. The second class contains protocols which extract 
exchangeable Cd from the soil. Because Cl- are known to form soluble and stable 
complexes with Cd (CdCl+), one may expect significantly higher extraction levels for 
the 0.01 M CaCl2 extraction compared to the 0.01 M Ca(NO3)2 extraction. However, in 
our dataset no significant differences were observed for the chloride concentration 
present in the CaCl2 extraction solution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.7. Clustering of the single extractions under evaluation based on Cd 
extractability, using Pearson correlation as distance criterion (complete linkage) 
 
 
The 1 M NH4NO3 and 1 M Mg(NO3)2 extractions exhibited slightly but insignificantly 
higher extracted levels than the 0.01 M CaCl2 and 0.01 M Ca(NO3)2 extractions, on  
average 1.2 times higher. Mg and NH4
+ proved to be equally successful in desorbing the 
exchangeable pool of Cd at the ionic strength of the extractants used (1 M). All 
members of the first and second class correlated significantly at r > 0.90 for all 
interactions. The third class consists of 1 M NH4OAc and 1 M MgCl2. These 
correlations, also designed to ascertain exchangeable soil fractions of heavy metals, 
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appeared not to correlate significantly with the protocols from the second class. This is 
explained by the counter ions used in these extractions: acetate and chloride. These 
counter ions form soluble complexes with Cd. At the 1 M ionic strength the difference 
between Mg(NO3)2 and MgCl2 extractable Cd was significant, with MgCl2 extracting 
higher levels for all soils. From this we conclude that both the 1 M MgCl2 and 1 M 
NH4OAc extractions release exchangeable plus weak complexable Cd from the soil. 
The fourth class contains aqua regia, 0.5 M HNO3, 0.1 M HCl, 0.11 M HOAc and the 
EDTA-buffer (pH 4.65). The correlations between these protocols for Cd all exceeded   
r = 0.91. Without exceptions, the extractants in this class are acidic. The pool released 
by this class therefore corresponds with varying degrees of acid extractable plus 
complexable Cd. Finally a fifth class was observed, containing only the DTPA-
extraction buffer (pH 7.3). Its slightly different extraction pattern when compared to the 
members of the fourth class was attributed to the neutral pH, as opposed to acidic pH 
for all extractants in the fourth group. DTPA and the members of the third and fourth 
classes correlated significantly with one another.  
 
4.2.2. Copper (Cu) 
Fig. 3.8. presents the clustering analysis for Cu between the various extractants, based 
on Pearson correlation. Based on clustering analysis, the extraction protocols can be 
classified in the following clusters: (1) 0.1 M NaNO3 and Rhizon extractions, (2) 0.01 
M Ca(NO3)2, 0.01 M CaCl2, 1 M Mg(NO3)2, (3) 1 M NH4NO3, (4) 1 M MgCl2, 1 M 
NH4OAc (pH 7), 0.11 M HOAc, (5) 0.1 M HCl, 0.5 M HNO3, EDTA buffer (pH 4.65), 
DTPA buffer (pH 7.3) and aqua regia digestion. All members of groups (2) up to (5) 
correlated significantly with one another. Again, the first class contains the most labile 
soil pool, consisting out of soil solution levels and Cu that can undergo exchange 
reactions with Na in the soil. The second class contains the exchangeable soil fractions, 
estimated by cation exchange with divalent exchangeable bases.  
 
All members of this group exhibited high significant correlations with NH4NO3 (r > 
0.95), suggesting that the third class might best fit in this class. The fourth class 
contains extractants with high ionic strength (1 M) and with counter ions (acetate and 
chloride) which may potentially complex heavy metals and cause additional 
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                          Rescaled Distance Cluster Combine 
             0         5        10        15        20        25 
          +---------+---------+---------+---------+---------+ 
   Ca(NO3)2  2   òø 
  Mg(NO3)2      2   òôòòòø 
   CaCl2     2   ò÷   ó 
   Aqua regia    5   òø   ùòø 
   HNO3       5   òú   ó ó 
   EDTA       5   òôòòò÷ ùòòòòòòòø 
DTPA    5   òú     ó       ó 
   HCl          5   ò÷     ó       ùòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòø 
   NH4NO3     3   òòòòòòò÷       ó                                 ó 
   NH4OAc     4   òø             ó                                 ó 
   MgCl2   4   òôòòòòòòòòòòòòò÷                                 ó 
   HOAc        4   ò÷                                               ó 
   Rhizon      1   òûòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòò÷ 
   NaNO3      1   ò÷ 
mobilization in surplus to metals released by exchange reactions. Finally the fifth group 
contains aggressive extractions protocols which correlate best with the soil pseudo-total 
content of Cu. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.8. Clustering of the single extractions under evaluation based on Cu 
extractability, using Pearson correlation as distance criterion (complete linkage) 
 
 
4.2.3. Nickel (Ni) 
Fig. 3.9. presents the clustering for classification of the various protocols for Ni 
extraction, using Pearson correlation as distance criterion. Based on the cluster analysis, 
the extraction protocols are divided in 7 classes: (1) Rhizon and 0.1 M NaNO3 
extractable Ni, (2) 1 M NH4NO3, 0.01 M CaCl2, 0.01 M Ca(NO3)2, (3) 1 M Mg(NO3)2, 
(4) DTPA extraction buffer and 1 M MgCl2, (5) 1 M NH4OAc (pH 7), 0.11 M HOAc, 
EDTA extraction buffer (pH 4.65), (6) the inorganic acids 0.5 M HNO3 and 0.1 M HCl, 
(7) pseudo-total content as estimated using an aqua regia digestion.  
 
The first class represents the soil solution levels and most labile pool of Ni in the soil. 
The second class contains protocols which release exchangeable Ni from the soil. In the 
clayey soils with buffered alkaline pH, the extraction protocols with NaNO3 (first class), 
NH4NO3, CaCl2 and Ca(NO3)2 (second class) did not vary as much as in the acidic 
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                        Rescaled Distance Cluster Combine 
          0        5        10        15        20        25 
         +--------+---------+---------+---------+---------+ 
 
CaCl2     2   òûòø 
Ca(NO3)2     2   ò÷ ùòòòòòø 
NH4NO3    2   òòò÷     ùòòòòòòòòòòòø 
Rhizon     1   òûòòòòòòò÷           ùòòòòòòòòòòòòòòòòòòòòòòòòòòòø 
NaNO3      1   ò÷                   ó                           ó 
Mg(NO3)2     3   òòòòòòòòòòòòòòòòòòòòò÷                           ó 
DTPA       4   òòòûòòòòòòòø                                     ó 
MgCl2     4   òòò÷       ó                                     ó 
NH4OAc     5   òø         ùòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòò÷ 
HOAc        5   òôòø       ó 
EDTA       5   ò÷ ùòòòòòòò÷ 
HNO3     6   òûòú 
HCl      6   ò÷ ó 
Aqua regia 7   òòò÷ 
 
sandy soils (cfr. also table 6). The third class contains only 1 M Mg(NO3)2. This 
protocol did not correlate well with the second class protocols: only the 1 M NH4NO3 
extraction exhibited elevated yet non-significant correlation (r = 0.71). The fourth class 
contains the neutrally buffered DTPA extraction protocol and the fifth class the 1 M 
MgCl2 extraction protocol. These two extractions did not correlate with one another and 
are therefore separated in different classes. The sixth class can be subdivided in (a) 
organic complexants, (b) inorganic acids and (c) pseudo-total digestion. Only the 
NH4OAc extraction proved to be poorly correlated with some of the other members 
outside the subclass 6a. This is attributed to the fact that within the fifth class, it is the 
only non-acidic extractant solution, buffered at pH 7. In addition, it correlates 
significantly (r = 0.98) with MgCl2, yet not with DTPA. The NH4OAc extraction 
combines weak complexation by acetate with cation exchange by ammonium ions. The 
close matrix resemblance in comparison with the EDTA-buffer and the HOAc 
extraction solution cause it to be appointed to class 5a, rather than a separate class with 
MgCl2. Reversely, DTPA extraction correlated significantly, yet with varying degrees (r 
= 0.63-0.85), with all members of class 5 except NH4OAc, indicating that DTPA might 
potentially belong more in this group with more aggressive extractions, while NH4OAc 
might belong more with MgCl2.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.9. Clustering of the single extractions under evaluation based on Ni extractability, 
using Pearson correlation as distance criterion (complete linkage) 
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4.2.4. Lead (Pb) 
Extractable Pb levels in unpolluted soils by the weaker extracts (MgCl2, NH4NO3, 
NaNO3) proved to be troublesome for analysis, in regards to the operational detection 
limit of the ICP-OES instrument (10 µg.l-1). In addition, the high ionic strength (0.1-1 
M) of these salt solutions impaired analysis using more sensitive analysis by GF-AAS 
(with Zeeman correction). Lebourg et al. (1996) also concluded that the use of salt 
solution is limited for evaluation of Pb. Hierarchical cluster analysis of the remaining 
extraction procedures (CaCl2, HOAc, HCl, HNO3, Rhizon, aqua regia, NH4OAc, 
EDTA, DTPA) resulted in no clear apparent patterns. Bivariate correlation analysis 
revealed a high degree of significance in the various interactions between all the 
extractants. 
 
4.2.5. Zinc (Zn) 
Fig. 3.10. presents the clustering for classification of the various protocols for Zn 
extraction, using Pearson correlation as distance criterion. Based on the cluster analysis, 
the extraction protocols can be classified for Zn as follows: (1) soil solution levels 
(Rhizon) and labile, Na-displaceable soil fraction (0.1 M NaNO3), (2) exchangeable soil 
fraction, as estimated by 0.01 M Ca(NO3)2, 0.01 M CaCl2, 1 M NH4NO3, 1 M 
Mg(NO3)2 or 1 M MgCl2 extractions, (3) exchangeable fraction, accompanied by the 
acetate-complexable Zn fraction in the soil (1 M NH4OAc, pH 7.0), (4) acid extractable 
Zn, cumulated with complexable Zn, as estimated by 0.1 M HCl, 0.5 M HNO3, 0.11 M 
HOAc, EDTA (pH 4.65) extractions or aqua regia digestion, (5) complexable Zn under 
neutral conditions (DTPA, pH 7.3).  
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                      Rescaled Distance Cluster Combine 
         0         5        10        15        20        25 
       +---------+---------+---------+---------+---------+ 
Aqua regia   4   òø 
HNO3  4   òú 
HOAc        4   òôòòòòòòòòòø 
EDTA  4       òú         ó 
HCl         4   ò÷         ùòòòòòòòòòòòòòòòòòø 
Rhizon     1   òûòø       ó                 ó 
NaNO3  1   ò÷ ùòòòòòòò÷                 ó 
NH4OAc   3   òòò÷                         ùòòòòòòòòòòòòòòòòòòòø 
MgCl2 2   òø                           ó                   ó 
Mg(NO3)2 2   òôòòòòòø                     ó                   ó 
CaCl2 2   òú     ùòòòòòòòòòòòòòòòòòòòòò÷                   ó 
NH4NO3 2   ò÷     ó                                         ó 
Ca(NO3)2 2   òòòòòòò÷                                         ó 
DTPA 5   òòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòò÷ 
 
Fig. 3.10. Clustering of the single extractions under evaluation based on Zn 
extractability, using Pearson correlation as distance criterion (complete linkage) 
 
 
DTPA is classified as an individual class, not because it does not correlate with the 
other extractants, but because these correlations are not linear in nature. Fig. 3.11. 
illustrates the relationship between EDTA-extractable and DTPA-extractable Zn. DTPA 
extractable Zn levels off where EDTA extractability continues to increase with 
increasing total Zn content in the soil. However, we cannot generalize this conclusion 
based on the current dataset, as the paths of the interrelationships depicted in Fig. 3.11. 
are mostly determined by a single extreme outlier with high Zn content. Therefore this 
particular behaviour of DTPA at higher metal concentrations needs to be examined 
further. The observed levelling off of DTPA extractable levels at higher Zn 
concentration was assumed to be due to lower chelate concentration and extraction ratio 
of the DTPA extraction solution (0.005 M; 2:1) compared to the EDTA extraction 
solution (0.02 M; 5:1). 
 
The third class, containing the 1 M NH4OAc pH 7 extraction, correlates significantly 
with the labile pool (class 1), exchangeable pool (class 2) and acid extractable pool 
(class 4). The good correlations are caused by the extreme outlying levels for the 
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heavily polluted S27 soil, containing 10,838 mg.kg-1 Zn. Omitting this point from the 
dataset and subsequently repeating the cluster analysis results in the generation of two 
distinct groups: one comprising all labile fractions, corresponding with classes 1 till 3 
and one group consisting of all aggressive extraction protocols, corresponding with 
classes 4 and 5. Within the more labile group, the NH4OAc extraction still tends to 
behave singularly in comparison to the other extractions.  
 
 
 
 
 
 
 
 
    
 
 
 
       (A)       (B) 
Fig. 3.11. Relationship (A) Between EDTA- or DTPA-extractable Zn and pseudo-total 
content of Zn ; (B) Between EDTA-extractable and DTPA-extractable Zn 
 
 
4.3. Correlation with plant uptake 
To gain more insight in which extraction procedure best reflects heavy metal 
“phytoavailability” based on shoot accumulation, pot experiments were conducted on a 
subset of soils. The selected test species was P. vulgaris ‘Limburgse vroege’. Observed 
heavy metal concentrations in the plant are presented in Section 3.4. of this Chapter 
(Table 3.8.-3.10).  
 
4.3.1. Cadmium (Cd) 
Table 3.11. presents the observed correlations between single extractions and Cd 
concentrations in P. vulgaris. The correlations were examined based on plant 
concentrations on dry weight and on ash weight basis.  
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Primary leaves after 2 weeks Total shoot content after 4 weeks
Cluster Extraction Dry weight Ash Dry weight Ash
1 Rhizon 0.68** 0.74** 0.71** 0.90**
1 NaNO3 0.81** 0.82** 0.73** 0.91**
2 CaCl2 0.70** 0.76** 0.76** 0.93**
2 NH4NO3 0.81** 0.82** 0.76** 0.92**
2 Ca(NO3)2 0.79 0.78 0.99** 0.996**
2 Mg(NO3)2 0.78 0.77 0.99** 0.99**
3 NH4OAc 0.35 0.35 0.33 0.37
3 MgCl2 0.25 0.16 0.19 0.21
4 Aqua regia 0.15 0.14 0.08 0.1
4 NH4OAc-EDTA 0.15 0.13 0.09 0.09
4 HNO3 0.14 0.12 0.07 0.08
4 HOAc 0.48 0.44 0.35 0.41
4 HCl 0.25 0.18 0.10 0.13
5 DTPA 0.18 0.17 0.16 0.16
Table 3.11. Pearson correlations between extracted Cd and observed concentrations in 
primary leaves after two weeks or total shoot content after 4 weeks of growth; Clusters 
indicate groups presented in Fig. 3.7.; Significance levels are determined on the number 
of observations in the bivariate analysis (SPSS) 
 
 
 
 
 
 
 
 
 
 
 
** Significant at the 0.01 level, * Significant at the 0.05 level 
 
Only extractions from clusters 1 and 2 correlated significantly with shoot levels of Cd. 
None of the more aggressive extraction procedures, including pseudo-total soil content, 
presented a good measure for Cd “phytoavailability” under the current experimental 
conditions. Similar conclusions were derived based on dry weight and ash weight basis. 
Observed high correlations between Ca(NO3)2 or Mg(NO3)2 extractable Cd and 
concentrations in the primary leaves were not considered significant due to the limited 
number of observations in the bivariate analysis for these particular interactions (m = 4).  
Rhizon extractions and extractions based on unbuffered nitrate solutions provided for 
the best measure of Cd “phytoavailability” in the soil. The diluted chloride solution 
CaCl2 also provided for a good measure. As has been discussed in 4.1.1., at the 
concentration of the extractant used (0.01 M) no significant differences for extractable 
Cd were observed between CaCl2 and Ca(NO3)2.  
 
Significantly larger differences in extractability were observed between 1 M MgCl2 and 
1 M Mg(NO3)2 (Fig. 3.2.). In addition, the data presented in Table 3.11. also suggest 
that Mg(NO3)2 provides for a good measure of “phytoavailability”, whereas MgCl2 was 
not observed to correlate significantly with plant uptake. Chlorides form soluble 
complexes with Cd (Doner, 1978). These observations imply that mobilization of Cd at 
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Primary leaves after 2 weeks Total shoot content after 4 weeks
Cluster Extraction Dry weight Ash Dry weight Ash
1 Rhizon 0.21 0.03 0.38 -0.05
1 NaNO3 0.40 0.25 0.45 0.13
2 CaCl2 0.94** 0.82** 0.54** 0.69**
2 Ca(NO3)2 0.95 0.84 0.93* 0.80
2 Mg(NO3)2 0.94 0.83 0.94* 0.81
3 NH4NO3 0.83** 0.70* 0.53 0.51
4 NH4OAc 0.45 0.79** 0.94** 0.86**
4 MgCl2 0.92** 0.82** 0.48 0.78**
4 HOAc 0.33 0.86** 0.92** 0.86**
5 Aqua regia 0.85** 0.70** 0.66** 0.60**
5 NH4OAc-EDTA 0.86** 0.72** 0.65** 0.57*
5 HNO3 0.79** 0.65* 0.42 0.54*
5 HCl 0.80** 0.70* 0.26 0.63*
5 DTPA 0.79** 0.64* 0.74** 0.56*
higher chloride concentrations may therefore induce an overestimation of the directly 
“phytoavailable” soil fraction of Cd. 
 
4.3.2. Copper (Cu) 
Table 3.12. presents the observed correlations for Cu. Unlike as was observed for Cd, 
the more aggressive extraction procedures and pseudo-total content exhibited good and 
significant correlations with plant uptake. Significance analysis for the high correlations 
for Ca(NO3)2 and Mg(NO3)2 extractable Cu was inconclusive due to low number of 
observations in these categories in the respective bivariate assessments (m ≤ 5).  
 
Table 3.12. Pearson correlations between extracted Cu and observed concentrations in 
primary leaves after two weeks or total shoot content after 4 weeks of growth; Clusters 
indicate groups presented in Fig. 3.8.; Significance levels are determined on the number 
of observations in the bivariate analysis (SPSS) 
 
 
 
 
 
 
 
 
 
 
** Significant at the 0.01 level, * Significant at the 0.05 level 
 
Brun et al. (2001) compared correlations between extractable Cu (NH4OAc, CaCl2, 
EDTA, DTPA) with uptake by Zea mays and concluded that single extraction with 0.01 
M CaCl2 yielded the best correlation with Cu concentration in aerial parts of Zea mays. 
In the current experiment, CaCl2 extractable Cu was also found to correlate significantly 
with plant uptake. Wang et al. (2004) compared CaCl2 and DTPA-extractable heavy 
metals and observed significant correlation for CaCl2 with shoot content of Cu in celery 
and spinach, yet not with Chinese cabbage and cole. In their experiment, DTPA did not 
exhibit significant correlation with any of the tested plant species. Song et al. (2004) 
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Primary leaves after 2 weeks Total shoot content after 4 weeks
Cluster Extraction Dry weight Ash Dry weight Ash
1 Rhizon 0.33 0.05 0.41 0.10
1 NaNO3 0.52 0.45 0.52 0.50
2 CaCl2 0.78** 0.82** 0.39 0.81**
2 NH4NO3 0.64* 0.73* 0.69** 0.88**
2 Ca(NO3)2 0.14 0.85 1.00** 0.89
3 Mg(NO3)2 -0.11 0.29 0.83 0.64
4 DTPA 0.13 -0.20 0.51* -0.05
4 MgCl2 0.22 0.15 0.70** 0.34
5 NH4OAc 0.32 0.14 0.61** 0.34
5 NH4OAc-EDTA 0.38 0.04 0.49* 0.05
5 HOAc 0.10 -0.13 0.49 0.03
6 HCl 0.16 -0.15 0.41 -0.03
6 HNO3 0.28 -0.04 0.44 -0.01
7 Aqua regia 0.27 -0.13 0.24 -0.21
found that 1 M NH4NO3 extractions exhibited the best correlations with uptake by 
Elsholtzia splendens or Silene vulgaris in comparison to EDTA extractable Cu, total soil 
Cu or free Cu2+ activity. 
 
4.3.3. Nickel (Ni) 
For Ni, neither the aggressive extraction procedures, nor the very weak aimed at 
ascertaining soil solution levels yielded consistently significant correlations with plant 
uptake (Table 3.13.). The best predictors for accumulated Ni were found in the cluster 
containing the unbuffered salt solutions NH4NO3, CaCl2 and Ca(NO3)2. High observed 
correlations for Ca(NO3)2 (> 0.85) were not deemed significant due to the low number 
of observations for the corresponding interactions (m ≤ 5). 
 
 
Table 3.13. Pearson correlations between extracted Ni and observed concentrations in 
primary leaves after two weeks or total shoot content after 4 weeks of growth; Clusters 
indicate groups presented in Fig. 3.9.; Significance levels are determined on the number 
of observations in the bivariate analysis (SPSS) 
 
 
 
 
 
 
 
 
 
 
 
 
 
** Significant at the 0.01 level, * Significant at the 0.05 level 
 
 
4.3.4. Lead (Pb) 
As was also observed for Cu, pseudo-total content already provided for a good measure 
of “phytoavailability” of Pb (Table 3.14.). Since all other extractions correlated very 
closely with the pseudo-total content (cfr. cluster analysis), the correlations for all 
observed extraction procedures exhibited very significant correlations with the plant 
concentrations of Pb. 
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Primary leaves after 2 weeks Total shoot content after 4 weeks
Cluster Extraction Dry weight Ash Dry weight Ash
- Rhizon 0.71** 0.72** 0.71** 0.70*
- CaCl2 0.95** 0.99** 0.98** 0.997**
- DTPA 0.91** 0.94** 0.89** 0.86**
- MgCl2 0.97** 0.997** 0.92* 0.88*
- NH4OAc 0.95** 0.98** 0.97** 0.98**
- NH4OAc-EDTA 0.76** 0.67** 0.62** 0.57*
- HOAc 0.96** 0.99** 0.99** 0.998**
- HCl 0.70** 0.72** 0.94** 0.96**
- HNO3 0.77** 0.76** 0.88** 0.88**
- Aqua regia 0.77** 0.67** 0.62** 0.58**
Table 3.14. Pearson correlations between extracted Pb and observed concentrations in 
primary leaves after two weeks or total shoot content after 4 weeks of growth; 
Significance levels are determined on the number of observations in the bivariate 
analysis (SPSS) 
 
 
 
 
 
 
 
 
 
 
 
** Significant at the 0.01 level, * Significant at the 0.05 level 
 
 
4.3.5. Zinc (Zn) 
Table 3.15. presents Pearson correlations between plant uptake and soil extractions of 
Zn. As was observed for Cd, correlations between chemical extractions and plant 
concentrations were best in the weaker extractions either aimed at ascertaining soil 
solution levels (cluster 1), or based on unbuffered salt solutions (cluster 2). However, 
unlike for Cd, chloride solutions at higher concentrations (1 M MgCl2) and the buffered 
NH4OAc solution (1 M ; Ph 7.0) also exhibited significant interactions.  
 
Observed correlations were consistently higher with total shoot content after four weeks 
in comparison to correlations with Zn in primary leaves after two weeks. This was 
attributed to Zn present in the seeds. On average seeds weighed 0.32 ± 0.05 g and 
contained 26.5 mg.kg-1 Zn. Total plant weight after two weeks varied between 0.09 – 
0.56 g per plant, indicating that the mass of Zn translocated from the seed reserves 
cannot be neglected. This Zn reserve in the seed is partially translocated to the shoot 
after germination and therefore can potentially induce a bias in the evaluation of shoot 
concentrations of Zn in relation to extractable Zn from the soil. The effect was found to 
be negligible in the total shoot after four weeks of growth, but not in the primary leaves 
after merely two weeks of growth. For the assessment of Zn, the four week experiment 
therefore yielded more reliable information in the comparison shoot accumulation and 
soil extraction. This particular ‘artefact’ effect of heavy metals in the seeds was not 
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Primary leaves after 2 weeks Total shoot content after 4 weeks
Cluster Extraction Dry weight Ash Dry weight Ash
1 Rhizon 0.49 0.59 0.63** 0.88**
1 NaNO3 0.59 0.70* 0.70** 0.91**
2 CaCl2 0.52 0.64* 0.81** 0.95**
2 NH4NO3 0.59 0.70* 0.73** 0.92**
2 Ca(NO3)2 0.95* 0.98** 0.70 0.70
2 Mg(NO3)2 0.69 0.69 0.94* 0.97**
2 MgCl2 0.64* 0.67* 0.81* 0.92**
3 NH4OAc 0.44 0.52 0.48* 0.64**
4 Aqua regia 0.01 0.05 -0.01 0.05
4 NH4OAc-EDTA 0.10 0.10 0.05 0.10
4 HNO3 0.02 0.07 0.06 0.08
4 HOAc 0.18 0.25 0.29 0.31
4 HCl 0.19 0.17 0.07 0.11
5 DTPA 0.12 0.11 0.11 0.13
detected for the non-essential heavy metals due to low seed content of these metals. For 
the essential metal Cu as well, this effect was not as pronounced as for Zn.  
 
Table 3.15. Pearson correlations between extracted Zn and observed concentrations in 
primary leaves after two weeks or total shoot content after 4 weeks of growth; Clusters 
indicate groups presented in Fig. 3.10.; Significance levels are determined on the 
number of observations in the bivariate analysis (SPSS) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
** Significant at the 0.01 level, * Significant at the 0.05 level 
 
 
4.3.6. Summary 
Table 3.16. presents an overview of the significant interactions between the extraction 
procedures and heavy metal accumulation. Distinct differences can be observed for the 
various metals: for Cu and Pb, the more aggressive extraction procedures and pseudo-
total content exhibited good correlations with plant content, whereas for Cd, Ni and Zn 
the weaker extractants resulted in higher correlations.  
 
CaCl2 proved to be the most versatile extraction procedure, exhibiting significant 
correlations with heavy metal uptake of all five heavy metals under evaluation. 
Novozamsky et al. (1993) proposed the use of 0.01 M CaCl2 as extraction reagent for 
estimation of metals and nutrients in air dry soil samples. Pueyo et al. (2004) also found 
this extraction procedure as the most suitable for heavy metal assessment, in 
comparison with 1 M NH4NO3 and 0.1 M NaNO3. Sahuquillo et al. (2003) concluded 
that in light of harmonisation of single extraction procedures, CaCl2 was to be 
recommended as being more protective in terms of risk assessment because of its higher 
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leachability capacity. Houba et al. (1996; 2000) further elaborated on the benefits of this 
particular protocol. An important advantage is that the ionic strength of this extraction 
solution is similar to that of soil solution. In addition, Ca is the most abundant cation in 
the soil solution. The divalent cation also assures good coagulation of soil solution 
colloids, eliminating the need for elevated concentrations of the extractant, such as is 
the case for extractants based on monovalent cations. Since the extraction solution is 
unbuffered, the relevant interactions occur at the pH of the soil. The nitrate based 
unbuffered salt solutions also offer great prospect in this regard, yet require further 
validation. Analogously, Aten & Gupta (1996) observed good correlations between 
shoot content of Cd, Zn and Cu in Lactuca sativa and Lolium perenne and extractable 
soil concentrations using dilute salt solutions with either CaCl2 or nitrate based 
solutions (0.1 M NaNO3, NH4NO3, KNO3 or CaCl2; 0.05 M CaCl2; 0.5 M NH4NO3). 
Similar comparison for Pb by these authors did not result in satisfactory correlations. 
Degryse et al. (2003) found that the CaCl2 extraction offers a good operational 
prediction for soil solution levels of Cd and Zn. The results presented in this Chapter 
also discovered that at the concentration used (0.01 M) the chloride anion had an 
insignificant effect in regards to additional mobilization when compared to Ca(NO3)2. 
This responds to the reservation made by some authors (e.g. Gommy et al., 1998) that 
nitrate based salt solution should be used in soil evaluation rather than chloride based 
solutions. 
 
Interestingly, when examining the data within a specific soil type as opposed to the 
whole dataset, the correlations between plant content of Cd or Zn and pseudo-total 
content also become significant. This is because within a data subset of soils with 
similar soil composition, the main remaining discriminating factor between the soils is 
the total metal content. However, in order to compare soils which also differ in physico-
chemical characteristics, total metal content in the soil provides for a bad measure for 
“phytoavailability” assessment of these metals. Similarly, studies using other aggressive 
procedures within a group of soils with comparable composition may lead to significant 
correlations with plant uptake. The use of single extractions can only offer valuable 
information if extractable levels are comparable over a wide variation of soils varying in 
composition and characteristics. 
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Table 3.16. Overview of significant interactions between extractable levels in the soil 
and heavy metal accumulation in the shoot of P. vulgaris; X significant interaction, (X) 
indications for significant interactions requiring further validation 
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5. Conclusion 
5.1. Interrelationships between extractions 
Single extractions can play a vital role in environmental research towards 
“phytoavailability” assessment of heavy metals. However, currently a wide variety of 
different extraction procedures are being used. Procedures do not only vary in extraction 
reagent used, but also in the ionic strength of the solution, the liquid:solid ratio used and 
the equilibration time. In order to move towards a common goal, two requirements must 
be met: (i) standardization of commonly used protocols and (ii) studies towards the 
interrelationships between these procedures under various conditions concerning soil 
composition.  
 
In the cluster analysis, distinctly related groups exhibiting good bivariate correlations, 
were obtained for all metals, except Pb (Fig. 3.7.-3.10.). Single extractions with high 
ionic strength exhibiting low extractability towards Pb proved difficult to analyse as 
they were below detection limit for ICP-OES (10 µg.l-1), while the ionic strength of 
these solutions was inhibitive for analysis with GF-AAS. Lebourg et al. (1996) also 
found the use of salt solutions to be limited for evaluation of Pb in soils.  
 
For the other metals, 0.1 M NaNO3 and Rhizon extractable levels clustered consistently 
with each other. For all metals, 0.01 M CaCl2, 0.01 M Ca(NO3)2 and 1 M NH4NO3 
could be considered part of a single pool. For none of the elements, 0.01 M CaCl2 
extractable levels significantly exceeded 0.01 M Ca(NO3)2 extractable levels, which 
may suggest that at this concentration the potential mobilizing effect of chlorides is of 
secondary importance in comparison to metal desorption by Ca. For Cd, Cu and Zn the 
‘exchangeable’ group was further joined by 1 M Mg(NO3)2.  
 
The extractions 1 M MgCl2 and 1 M NH4OAc exhibited singular behaviour, 
intermediate to the clusters containing the more aggressive complexing agents and the 
clusters of reagents which release metals by desorption. Depending on the metal under 
evaluation, these extractions tended to shift towards either the more aggressive or the 
more labile pools. This effect is attributed to the influence of the counter ions which 
exhibit different affinities for complexation of the different metals.  
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The acidic EDTA extraction leaned towards the acid extractable fractions and pseudo-
total digestion for all metals. In addition, for all metals the acid extractable fraction, as 
estimated by 0.5 M HNO3, 0.1 M HCl and 0.11 M HOAc extractions, correlated closely 
and significantly with aqua regia released levels. Literature indications stating that 
metals released by these procedures concern active or exchangeable metals or metals 
released by moderate acid attack may be somewhat misleading in this perspective.  
 
Observed extracted levels of Cd, Cu, Ni, Pb and Zn in 12 control soils, varying in soil 
composition, were added for future reference as extractable levels under unpolluted 
conditions (Table 3.3.-3.7.).  
 
5.2. Correlation with plant uptake 
Finally, in order to link ecochemical estimations of “phytoavailability” to actual plant 
accumulation of heavy metals, two growth experiments were conducted with P. 
vulgaris. Although observed interactions between extraction procedures and plant 
uptake are considered to be plant species and even cultivar specific, these experiments 
do allow us to gain additional insight in the metal specific behaviour. An element 
specific overview of the observed interactions has been provided for in Table 3.16.  
 
Rhizon extractions and extractions based on unbuffered nitrate solutions provided for 
the best measure of Cd “phytoavailability” in the soil. In addition CaCl2 yielded good 
fits. A similar observation was made for Zn, yet for this element the 1 M NH4OAc and 1 
M MgCl2 also provided for significant interactions. For Ni, neither the very strong nor 
the very weak extractants provided for a good estimation of Ni accumulation by the test 
species. The best prediction for Ni was observed in the cluster containing CaCl2, 
Ca(NO3)2 and Mg(NO3)2. The pseudo-total content and the aggressive chelate based 
and/or acidic extractants did not suffice to predict uptake of Cd, Zn or Ni. Total content 
therefore is considered to be an insufficient measure for full evaluation of these metals 
in the soil. Interestingly, when comparing pseudo-total content with plant uptake in data 
subsets containing soils of comparable soil composition, the interactions were found to 
become significant for Cd and Zn. This implies that when all physico-chemical 
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characteristics are comparable, only the total content remains as the sole discriminating 
factor determining metal uptake. This rather logical conclusion may explain why in 
some studies good correlation is observed between total soil content or aggressive 
extractions and plant uptake of these metals, whereas in other studies no such 
interaction is observed. However, in order to be able to compare extraction results over 
a broad range of soil types in relation to plant availability, total content does not suffice 
for these metals. Cu and Pb uptake on the other hand was found to correlate 
significantly with pseudo-total content as well as with all aggressive extraction 
procedures over the range of soils used in this experiment. 
 
In general, the 0.01 M CaCl2 extraction procedure proved to be the most versatile as it 
provided for a good indication of “phytoavailability” of all five metals under evaluation. 
In accordance with other groups (Pueyo et al., 2004; Sahuquillo et al., 2003; Houba et 
al., 1996, 2000; Lebourg et al., 1996; Novozamsky et al., 1993) we therefore support the 
use of this procedure for evaluation of plant available heavy metals in the soil and 
recommend its implementation in legal frameworks in addition to criteria based on total 
soil content. However, in respect with technical aspects concerning instrumental 
detection limits, we propose an L:S ratio of 5:1 for routine assessment as opposed to 
10:1 as proposed by some of these authors. 
 
Further methodological conclusions derived from this work include the observation that 
in short term plant growth experiments, plant seed reserves of essential metals (such as 
Cu or Zn) may induce a bias when correlating seedling concentrations with obtained 
extraction values. For these metals, sufficiently long growth periods must be respected. 
Also, the use of artificially spiked soils in the assessment of plant “phytoavailability” of 
heavy metals such as used by some groups is not adviceable as the metals are already 
present in highly available form and plant uptake will therefore exhibit good 
correlations with virtually any extraction procedure. 
 
 
 
Chapter 4. Field experiment with Salix spp. 
 125 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.  
Field Scale Evaluation of Phytoextraction of Heavy Metals 
by Salix spp. on a Dredged Sediment Disposal Site 
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1. Introduction 
1.1. Background 
Massive amounts of sediments are dredged annually from Western-European waterways 
to maintain navigation channels. Land disposal of these dredged materials may affect 
the surrounding environment due to the presence of harmful constituents such as 
organic compounds and heavy metals (Singh et al., 1998a). Flemish waterways require 
dredging to (i) maintain their nautical capacity and/or (ii) to remediate polluted under 
water soil ecosystems. The total mass of sediments settling each year in these 
waterways amounts to 1,355,000 tons of dry weight removal (OVAM, 2003). Only 7% 
of the underwater soils in Flanders are considered to be unpolluted (Maeckelberghe et 
al., 2001). As a consequence, waterway sediments in many cases require to be 
processed further after dredging. One of the most common practices to this date for 
these sediments is land disposal. However, this is an unsustainable approach and 
alternative handling strategies are required. Studies by Vandecasteele et al. (2002a, 
2003) revealed more than 425 ha of historically contaminated areas along the rivers 
Leie and Scheldt due to historical dredging activities. 
 
Willows have been suggested as an interesting tree species exhibiting characteristics 
that make them promising for use in phytoremediation. They are easy to propagate, fast 
growing, metal tolerant species that are able to accumulate metals and/or provide 
physical stabilization (Vervaeke, 2004). In addition, the produced biomass can be used 
to generate electricity and heat. Unlike annual agronomic crops, a willow stand requires 
to be introduced on a site only once because of their spontaneous regrowth. Produced 
biomass can be periodically harvested without the requirement to replant the field after 
each harvest. Elevated accumulation of Cd by Salix viminalis has been observed and 
described by a number of authors (Landberg & Greger, 1996; Kayser et al., 2000; 
Hammer et al., 2003). A comprehensive overview of the use of tree species for 
phytoremediation of metal-contaminated soils has been presented by Pulford & Watson 
(2003), and by Vervaeke (2004). 
 
Phytoextraction as a soil remediation technique offers the following advantages over 
conventional remediation techniques: it is an in situ technique that is less invasive and 
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more economical than conventional civil-engineering techniques. It can be applied over 
extended surface areas and targets the “bioavailable” soil fraction of heavy metals, 
which is the most relevant fraction from the perspective of environmental risk 
assessment. The most important drawbacks are the prolonged remediation period (years 
to decades) and the perception of uncertainty with regards to system consistency and 
performance predictability of biological remediation systems. A more elaborate 
overview concerning phytoremediation using tree species in general and Salix spp. in 
particular is presented in Chapter 2. 
 
1.2. Objectives 
The aim of this Chapter is to evaluate the feasibility of phytoextraction of heavy metals 
by Salix spp. in a field scale experiment on dredged sediment derived surface soil. The 
top soil layer was in oxidized state at the time when standing biomass and metal uptake 
of the vegetative cover became significant. Biomass productivity and heavy metal 
accumulation and compartmentalization in aboveground plant parts were assessed. The 
performance of three clones was compared: Salix schwerinii x Salix viminalis ‘Tora’, 
Salix viminalis ‘Orm’ and Salix dasyclados ‘Loden’. Plant availability of heavy metals 
was also assessed by using single extraction procedures and subsequently correlating 
metal extractability with uptake by Salix viminalis ‘Orm’.  
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2. Material & Methods 
2.1. Field preparation 
A 7500 m2 disposal site along the banks of the river Leie at Wervik, was filled with 
dredged sediments, originating from the River Leie and the harbour of Roeselare (Fig. 
4.1.). The dredged sediment was mixed with water from the adjacent river and pumped 
hydraulically into the depot. Excess water was removed through an overflow collector 
at the end of the depot. Initially the test site was inaccessible due to the liquid nature of 
the substrate. A means of accessing the site needed to be engineered to allow for 
planting and sampling. To this end, a system of pontoons (floating bridges) was applied. 
These pontoons consisted out of wooden pallets held afloat by plates of expandable 
polystyrene (EPS; Isomo) and interconnected by plastic straps. In total three pontoons 
of 40 m in length and one smaller of 16 m were introduced at appropriate locations into 
the field (Fig. 4.1.).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.1. Overview of the 7500 m2 large dredged sediment disposal site (Wervik) ; 
Green zone = area planted with S. viminalis ‘Orm’; A-F compartments of the 
introduced willow stands; I-IV floating pontoons; Red dots indicate sampling locations 
for site characterization; Orange rectangle indicates the study area for the field 
evaluation; Arrows indicate locations of sediment input and water removal; X- and Y- 
vectors at the bottom right of the rectangular study area indicate coordinate system for 
localisation within the study area  
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To introduce a willow stand, the SALIMAT technique was used (De Vos, 1996). This 
technique allowed for the introduction of mats (20 m x 2 m) of interconnected willow 
rod to be unrolled over wet inaccessible substrate (Fig. 4.2.). The SALIMATS, 
consisting solely out of S. viminalis ‘Orm’, were obtained from a local vendor (Salix 
Devos, Eksaarde, Belgium). The technique ordinarily requires a crane for the 
mechanical unrolling of the mats. However, the dykes surrounding the disposal site 
could not support heavy machinery. Therefore, the technique was adapted to allow for 
manual introduction of the mats. To this end, the SALIMAT was placed on a supporting 
metal beam between two specially designed floating skis. This allowed for the mats to 
be unrolled by manual traction across the wet substrate, from one pontoon to another. 
The rods sank into the wet substrate under the weight of the mat (Fig. 4.3.). Since 
willows are swamp pioneers, they can tolerate the reduced conditions of fresh dredged. 
The planting was completed at beginning of May 2001. At one location in the field, 
alongside pontoon IV (Fig. 4.1.), three different willow clones were introduced for 
comparative reasons: S. schwerinii x S. viminalis ‘Tora’, S. viminalis ‘Orm’ and S. 
dasyclados ‘Loden’. ‘Orm’ was obtained from a local vendor (Salix Devos, Eksaarde, 
Belgium), ‘Tora’ and ‘Loden’ from Svälof Weibull, Sweden. 
 
 In May and June, the disposal site exhibited a high degree of drainage, resulting in 
accessibility of the field near the second half of June. Formation of cracks in he soil, 
and rapid drying resulted in increased oxidation of the plough layer. The reduction 
hoRhizont was observed to be well beyond the activity radius of the rhizosphere early 
on in the field evaluation. The potential decrease in “phytoavailability” of heavy metals, 
which can ordinarily be caused by reducing conditions in freshly dredged sediments, 
was therefore not considered to play a role in the field experiment since the plough layer 
was observed to be well oxidized by the time that biomass production became 
significant. 
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Fig. 4.2. SALIMAT planting technique for introduction of willow stands on 
inaccessible wet substrates (adapted after De Vos, 1996) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.3. Overview of adapted (manual) technique for introducing SALIMATS in wet, 
freshly dredged sediments; from top left to bottom right: (i) construction of pontoons, 
(ii) placement of SALIMAT on two floating skis at one of the pontoons, (iii) unrolling 
the SALIMAT by manual traction from across the field from another pontoon, (iv) 
unrolled mat at second pontoon, (v) initiating willow growth within weeks after planting 
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2.2. Site characterization 
Within the disposal site, a 40 by 100 m rectangular study area was selected for more in 
depth observation. The study area in question was located between the major pontoons 
II-IV (Fig. 4.1.). Because of the inaccessibility of the study area, temporary pontoons 
were constructed starting from the dykes and the permanent pontoons, to allow for 
sampling. Sampled locations for site characterization are indicated in Fig. 4.1. 
 
2.2.1. Sediment composition  
In order to characterize the study area in regards with organic matter, texture and total 
content of heavy metals (Cd, Cr, Cu, Ni, Pb, Zn), samples were collected at 43 sampling 
locations. Organic matter was estimated by loss on ignition at 550°C (L.O.I.). Particle 
size distribution was determined by laser diffraction (Coulter LS200, Miami, FL, USA). 
The particle distribution functions were subsequently transformed into sand-clay-loam 
fractions using mathematical relations between the laser diffraction distribution and 
results using the pipet-method of Köhn, established for Belgian soils (Vandecasteele et 
al., 2003).  
 
2.2.2. Nutritional state 
To evaluate the nutritional state of the sediment, samples were collected from the top 
soil layer at eight locations within the study area. Subsequently, single extraction was 
performed  using 0.5 M NH4OAc + 0.5 M HOAc + 0.02 M EDTA (pH 4.65) for the 
determination of “bioavailable” Ca, K, Mg, Na, and P (Liquid:Solid ratio, 5:1) (Lakanen 
& Ervio (1971). Ca, Na and K were measured using a flame photometer (Eppendorf 
Elex 6361, Hamburg, Germany). Mg was measured using flame atomic absorption 
spectrometry (FAAS Varian SpectrAA 10, Palo Alto, CA, USA). P was determined 
colorimetrically using the method of Scheel (Van Ranst et al., 1999). The extraction 
values of Ca, Mg, K, Na and P were subsequently evaluated, accounting for soil cation 
exchange capacity (Table 4.1). An adapted Kjeldahl digestion was used for 
determination of total N content (Bremner, 1996).  
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Texture CEC Level Ca Mg K Na P
(cmol.kg-1) mg.kg-1 mg.kg-1 mg.kg-1 mg.kg-1 mg.kg-1
Light +/- 5 Very High > 800 > 60 > 100
High 500 - 800 24 - 60 60 - 100
Normal 200 - 500 12 - 24 30 - 60
Low 100 - 200 6 - 12 15 - 30
Very Low < 100 < 6 < 15
Medium +/- 15 Very High > 2400  > 140 > 240 > 45 > 175
High 1600 - 2400 100 - 140 160 - 240 35 - 45 90 - 175
Normal 1000 - 1600 60 - 100 80 - 160 25 - 35 50 - 90
Low 500 - 1000 30 - 60 40 - 80 10 - 25 25 - 50
Very Low < 500 < 30 < 40 < 6 < 25
Heavy +/- 25 Very High > 4000 > 240 > 400
High 3000 - 4000 180 - 240 240 - 400
Normal 2000 - 3000 120 - 180 160 - 240
Low 1000 - 2000 60 - 120 80 - 160
Very Low < 1000 < 60 < 80
Note : Na, P levels independent of CEC (unlike Ca, Mg, K)
Table 4.1. Evaluation of chemical nutritional state of soils using NH4OAc-EDTA 
extraction according to Van Ranst et al. (1999) 
 
 
 
 
 
 
 
 
 
 
 
 
2.2.3. Pollution level 
Pseudo-total heavy metal content was determined after aqua regia destruction with 
Flame-AAS (Varian SpectrAA 10, Palo Alto, CA, USA) and with Graphite Furnace-
AAS with Zeeman correction (Varian SpectrAA 800, Palo Alto, CA, USA). The data 
from the 43 sampling points (Fig. 4.1.) were mapped using the Surfer statistical 
software (Golden Software Inc.). Geostatistical interpolation was based on the kriging 
technique. 
 
To gain further insight in other pollutants of importance present in dredged sediment, 
organic analyses as well as total Hg and As analyses were performed on freshly dredged 
sediments. The analyses were conducted by two independent laboratories: Laboratory 
Van Vooren (Zelzate, Belgium) and Servaco Laboratory for Industrial analyses 
(Wevelgem, Belgium). EOX was determined based on the AAC 3/N method. BTEX, 
heptane, hexane and octane were determined making use of Gas Chromatography – 
Flame Ionization Detector (GC-FID). PAHs were analysed making use of High 
Performance Liquid Chromatography (HPLC). PCB, organo-chloride pesticides and 
less volatile halogen carbohydrogens were determined following the NEN 5734 method. 
Volatile halogen carbohydrogens determination was based on NVN 5732. Organo-
phosphorus and organo-nitrogen pesticides were determined following the EPA 8141 
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method. Mineral oil analysis was based on AAC 3/R. Total Hg and total As were 
determined, based on SM 3500 Hg B and SM 3500 As B respectively. After landfilling 
and consolidation of the dredged sediment in the disposal site, additional analyses were 
performed on 8 locations (top soil layer, 25 cm) over the field for PAHs, mineral oil and 
EOX. These analyses were performed by Laboratory Devliegher (Sint-Martens-Latem, 
Belgium). 
  
2.3. Phytoextraction of heavy metals 
2.3.1. Field evaluation of S. viminalis ‘Orm’ 
Characterization of sampling locations 
Based on the maps, seven sampling locations were selected along a pollution gradient. 
At these locations sediment samples were collected in quadruplicate at the top soil layer 
(25 cm). To determine pH-H2O, 50 ml of deionized water was added to 10 g of air-dried 
soil. Acidity of the supernatant fluid was then measured after 24 h, using a pH-electrode 
(Model 520A, Orion, Boston, MA, USA). Soil conductivity was determined with a 
WTW LF 537 electrode (Wissenschafltich-Technischen Werkstäten, Weilheim, 
Germany) after equilibrating in deionized water at a 5:1 liquid:solid ratio for 30 minutes 
and subsequent filtering through a white ribbon filter (white ribbon; Schleicher & 
Schuell, Dassel, Germany). Organic matter content of the sediment was determined by 
loss on ignition (2h at 550°C). Particle size distribution was determined by laser 
diffraction. Cation Exchange Capacity (CEC) of the sediment was determined by first 
saturating the soil matrix with NH4
+, then desorbing the NH4
+ by K+ and measuring the 
quantity of the NH4
+ in the leachate (Van Ranst et al., 1999). Total carbonate content 
present in the sediment was determined by adding a known excess quantity of sulphuric 
acid and back titrating the excess with sodium hydroxide (Van Ranst et al., 1999). 
Pseudo-total content of heavy metals was determined as stated above. Single extractions 
were used to estimate various soil fractions of the heavy metals under study (Table 
4.2.). 
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Extraction solution pH L:S Extraction time
H20 7.0 5:1 24h
0.01 M CaCl2 7.0 5:1 2h
1 M NH4OAc 7.0 20:1 2h
0.5 M HOAc + 0.5 M NH4OAc + 0.02 M EDTA 4.65 5:1 30 min
0.005 M DTPA + 0.01 M CaCl2 + 0.1 TEA 7.3 2:1 2h
L:S Liquid to solid ratio
Table 4.2. Single extractions used for assessment of “bioavailability” of heavy metals; 
L:S liquid of solid ratio (Van Ranst et al., 1999) 
 
 
 
 
 
 
Estimation of biomass production 
Plant density was estimated at the end of the growing season at two locations over the 
field, one at Pontoon II, the more sandy portion of the field, and one at Pontoon IV, the 
more clayey portion of the field. The estimation was performed by counting the number 
of shoots sprouting per hoRhizontal SALIMAT willow rod. This number was multiplied 
by 40, which is the number of hoRhizontal willow rods per 10 m of SALIMAT (25 cm 
spacing). Because these rods are themselves uniformly cut at 2 m length, this number 
corresponds with the plant density per 20 m2. This density is subsequently extrapolated 
to field level.  
 
Biomass yield expressed in tons of dry weight per hectare was calculated based on 
allometric relations. First, site and clone-specific relations needed to be developed. To 
this end 91 samples were collected both during and at the end of the growing season and 
a bivariate regression was developed between shoot diameter at the base and shoot dry 
weight (excluding foliar material). Subsequently, a representative number of shoot base 
diameter readings were conducted in the field (n = 222). By using the obtained 
allometric equations, biomass estimation in the field could be conducted non-
destructively. Biomass estimation was conducted early on in the growing season (July) 
and at the end of the growing season (October).  
 
Plant metal uptake 
In October, at the end of the growing season, shoots of willows were collected in 
quadruplicate at seven locations. At each of the selected sampling locations, four 
replicates uniform in plant height were harvested within a 1 m radius of the sampling 
location. Subsequently, the samples were subdivided in wood, bark and leaves. Root 
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samples were collected in one homogenised sample per location. Wood samples were 
ground using a Retsch SM 200 grinder and sieved with a 1 mm and a 0.5 mm sieve. 
Bark, leaf and root samples were ground using a Culatti DCFH 48 grinder and sieved 
with a 1 mm sieve. Plant samples were ashed at 450°C and dissolved in nitric acid 
before element analysis using Flame-AAS (Varian SpectrAA 10, Palo Alto, CA, USA) 
and Graphite Furnace-AAS with Zeeman correction (Varian SpectrAA 800, Palo Alto, 
CA, USA).  
 
2.3.2. Field screening of willow clones 
To assess accumulation potential of three willow clones, a comparative screening was 
set up alongside pontoon IV at the edge of the study area, in the more clayey portion of 
the field. The clones assessed in this evaluation were: S. schwerinii x S. viminalis 
‘Tora’, S. viminalis ‘Orm’ and S. dasyclados ‘Loden’. Triplicates of wood-, bark- and 
leaf-tissue of the three willow clones under study, were collected and compared. The 
sediment characteristics of the plot where the comparative screening between the three 
clones was performed, are those of S7 in Table 4.3. 
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3. Results  
3.1. Site characterization 
3.1.1. Sediment composition 
When disposed off on land, dredged sediments are mixed with water before they are 
hydraulically pumped into the disposal site. Characteriztic for dredged sediment 
disposal sites, this method of substrate introduction induces a texture gradient from 
sandy to clayey soil. Lighter soil particles, such as clay and organic matter are deposited 
further away from the point of introduction than the coarser sand fraction. Soil texture 
in the field varied from loam, over silt loam to clayey silt loam according to the USDA 
triangle (United States Department of Agriculture; Fig. 4.4.). A similar observation was 
made by Vervaeke et al. (2003) in the phytoremediation field experiments conducted on 
the dredged sediment disposal site of Menen. The gradient in soil texture is also 
reflected in the soil cation exchange capacity that ranged from 13.3 to 22.1    
cmol(+).kg-1. Organic matter content as estimated from loss on ignition was rather high, 
varying between 2 and 10%. Elevated levels of organic matter content are not 
uncommon for dredged sediments in Flanders (Singh et al., 1998a). Carbonate content 
varied between 6.8 and 9.3% making this type of sediment a calcareous substrate. Based 
on 139 observations in Flanders, Vandecasteele (2004) reported carbonate content of 
dredged sediment derived surface soils to range between 3.8-13.1% with a mean of 
6.9%. He also reported a narrow interval of observed pH-H2O levels, varying between 
7.2-7.8. Soil pH in our field experiment only varied slightly at around pH 7.5.  
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Fig. 4.4. Soil composition in the study area: A Clay content over the field (%), 1-7 
indicate the seven sampling locations for field evaluation of S. viminalis ‘Orm’, B 
Organic matter content over the field (%), C Texture gradient in the field according to 
the USDA triangle; Graphs correspond with the study area presented in Fig. 4.1. (X- 
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3.1.2. Nutritional state 
Total nitrogen varied between 0.2-0.3%. According to the criteria depicted in Table 4.1., 
the nutritional state also proved to be ‘very high’ for K (160 – 343 mg.kg-1), Na (112 – 
305 mg.kg-1), Ca (18,701 – 26,329 mg.kg-1), Mg (540 – 971 mg.kg-1) and P (617 – 
2,871 mg.kg-1) at all evaluated sampling locations. The generally rich nutrient state of 
dredged sediments increases the potential use of biomass producing crops for 
phytoremediation purposes, renewable energy production or a combination of both 
objectives. The nutritional state of the sediments as well was in line with findings 
observed by Vandecasteele (2004). The very high nutritional status of the disposed 
sediments favours implementation of biomass cropping (e.g. for renewable energy) 
and/or phytoremediation techniques. In general, N is the most limiting element for 
biomass production in short rotation forestry (SRF) when all other factors are 
favourable (Heilman & Norby, 1998). However, considering the animal manure over-
production in Flanders, potential N deficiency due to long term SRF would not be an 
issue.  
 
3.1.3. Pollution level 
Fig. 4.5. reveals the observed gradient in heavy metal pollution level over the study 
area. As was expected, heavy metal content was closely associated with clay and 
organic matter content. The gradient in pollution indeed coincides with the presence of 
organic matter & clay particles (compare Fig. 4.5. with Fig. 4.4.). Heavy metal content 
varied over the study area between 1.0 - 4.6 mg.kg-1 Cd, 28 - 115 mg.kg-1 Cr, 18 - 99 
mg.kg-1 Cu, 13 - 44 mg.kg-1 Ni, 28 - 147 mg.kg-1 Pb and 144 - 729 mg.kg-1 Zn. 
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Fig. 4.5. Gradient in heavy metal content over the study area; the study area 
corresponds with orange rectangle depicted in Fig. 4.1.; X- and Y-axis present the 
coordinate axes as presented in Fig. 4.1.; the gridline intervals on the axes correspond 
with a distance of 10 m each  
 
 
Analyses, performed on freshly dredged sediments sampled on the boat prior to 
disposal, revealed that there were also elevated levels above legal criteria for reuse as 
soil for all PAHs, EOX and mineral oil. Hg (0.43 ± 0.11 mg.kg-1) and As (7.1 ± 2.7 
mg.kg-1) were well below legal criteria. Total PAHs was between 2.0 and 2.9 mg.kg-1. 
EOX varied between 1 and 14 mg.kg-1. Mineral oil ranged between 431 and 769   
mg.kg-1. Other organic parameters proved not to be of concern, in comparison with legal 
criteria. In addition, samples were collected in the disposal site after landfilling and 
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analysed for in situ assessment of PAHs, EOX and mineral oil (n = 8). Total PAHs in 
the field was 3.3 ± 0.4 mg.kg-1, EOX was 573 ±122 mg.kg-1 and mineral oil was 7.0 
±1.9 mg.kg-1. Although assessment of organic pollutants falls outside the scope of this 
research, it is important not to lose sight of the fact that apart from inorganic pollution 
other factors come into play in regards to possible ecotoxicological impact and the 
necessity for soil remediation.  
 
3.2. Phytoextraction of heavy metals with S. viminalis ‘Orm’ 
3.2.1. Characterization of sampling locations 
The sediment characteristics at the locations selected for field evaluation of S. viminalis 
‘Orm’ are presented in Table 4.3. The observed texture class varied between silty loam 
and silty clay loam. All samples concerned calcareous sediments, varying only little in 
soil pH. Cation exchange capacity and organic matter content as estimated by loss on 
ignition exhibited larger variations.  
 
Table 4.3. Soil properties at the seven sampling locations for evaluation of 
phytoextraction potential of S. viminalis 'Orm'; X, Y coördinates along dyke (X-axis) 
and Pontoon II (Y-axis), EC Electrical Conductivity, LOI Loss On Ignition (organic 
matter), CEC Cation Exchange Capacity, CaCO3 carbonate content, USDA texture 
class according to the United States Department of Agriculture; ± indicates standard 
deviation (n = 3); S1-S7 in the field sampling locations (cfr. also Fig. 4.4.) 
 
 
 
 
 
 
 
Table 4.4. presents the extractable heavy metal content in the soil at the seven sampling 
locations. The aqua regia extraction is a measure for the (pseudo-) total content of 
heavy metals in the soil. For some elements, small discrepancies in total content were 
observed between the geostatistical data as provided by Fig. 4.5. and data presented in 
Table 4.4. This was attributed to the fact that the explorative geostatistical field survey 
was conducted on freshly introduced wet substrate, with samples taken from the surface 
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layer (top 5 cm). Sampling for the field study occurred at the end of the growing season, 
after the dredged sediment has settled and dried, with samples taken from the top 25 cm 
(rootzone). In comparison with the relevant legislation for the reuse of dredged 
sediments as soil substrate (Chapter 2), exceedances were observed for Cd and Zn while 
none of the other elements exceeded the respective criteria.  
 
The H2O extract is meant to grant us an estimate of the soluble fraction of heavy metals 
in the soil. This pool of heavy metals is considered to be most accessible for plant 
uptake. The H2O extraction was only evaluated for Cu and Zn, as the other elements 
proved to be below the detection limit. Soluble Zn was 0.03-0.04% of total Zn in the 
soil, while soluble Cu was 0.5-0.6% of total Cu. Similar relative importance of the 
soluble fraction of Cu and Zn was encountered in the dredged sediments evaluated in 
Chapter 3. The relatively high soluble fraction of Cu was attributed to relatively high 
dissolved organic carbon in the soil solution observed at the disposal site (160-330  
mg.l-1 DOC) indicating complexation and mobilization of Cu by soil organic acids.   
 
The 0.01 M CaCl2 extraction has the same ionic strength as the average soil solution 
(Houba et al., 2000). In addition, Ca is the primary cation on the adsorption complex of 
soils and therefore is better able to extract other adsorbed cations (Houba et al., 1996). 
Finally, the Ca2+ cation is more competitive for ion-exchange than the monovalent 
cations Na+, NH4
+ and K+. CaCl2-extractable Cu did not differ significantly from H2O-
extracted Cu. Differences between CaCl2 extraction and H2O extraction were found to 
be significant for Zn. This indicates that Zn is more readily exchanged for Ca2+ from the 
sorption complex in the soil than Cu, albeit that complexation and mobilization by the 
chloride anion could also partly influence the observed difference.  
 
The NH4OAc-extraction is aimed at ascertaining the exchangeable fraction of heavy 
metals in the soil. NH4
+-ions compete with other electropositive elements, such as Cu, 
Zn, Cd, Pb and Ni for adsorption on the negatively charged soil constituents (clay, 
organic matter, Fe/Mn oxides) and by doing so desorb the exchangeable fraction of 
heavy metals. In addition, the acetate counter-ion may function as a weak chelator, 
mobilizing heavy metals into solution by the formation of soluble complexes (cfr. also 
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Chapter 2, Table 2.6.). This particular behaviour of the extraction solution mimics the 
effect of root exudates released by the plants into the rhizosphere to render 
micronutrients such as Cu and Zn more “phytoavailable”. The NH4OAc-extractable 
fraction was 26-38% of the pseudo-total content for Cd, 2.1-3.4% for Ni, 2.7-4.0% for 
Zn, 3.0-4.9% for Cu, 0.2-0.4% for Pb and 0.3-0.4% for Cr. This clearly accentuates the 
relative importance of exchangeable Cd within this particular sediment. These results 
are well in line with relative extractability observed in Chapter 3 for dredged sediment 
derived soils for these metals with NH4OAc. 
 
The EDTA- and DTPA-extractions are designed to estimate the fraction of soil metals, 
which can be released into the soil solution by complexation. This aims to mimic the 
effect of root exudates, released by the plant. The EDTA extraction solution also 
contains 0.5 M NH4OAc and therefore targets both exchangeable adsorbed as well as 
complexable cations. In addition, the acidic pH of this extractant releases metals from 
carbonate or hydroxide precipitates. For all elements under study, the EDTA extracted 
higher concentrations than did the DTPA extraction. For Pb we notice a 75-88% 
extraction with NH4OAc-EDTA in comparison to pseudo-total content. Since only 0.2-
0.4% of Pb was extracted with the 1 M NH4OAc extraction solution, the predominant 
mobilizing effect in the NH4OAc-EDTA is due to complexation by EDTA. The 
extracted amount of Zn, Cd, Cu, Pb and Ni decreased in the order of: aqua regia > 
NH4OAc-EDTA > DTPA > NH4OAc > CaCl2 > H2O. Singh et al. (1996) obtained 
similar heavy metal extractability of dredged sediment derived surface soils. In Chapter 
3 as well, the same order of extractability by these extraction procedures was observed.  
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Zn S1 S2 S3 S4 S5 S6 S7
H2O x 10
-3
211 ± 24 210 ± 14 249 ± 24 228 ± 39 346 ± 72 195 ± 15 304 ± 39
CaCl2 x 10
-3
424 ± 32 443 ± 25 425 ± 21 473 ± 43 660 ± 47 438 ± 26 658 ± 51
NH4OAc 20 ± 2 20 ± 1 23 ± 1 22 ± 2 27 ± 2 22 ± 1 30 ± 3
DTPA 84 ± 8 81± 11 98 ± 8 98 ± 8 131 ± 10 84 ± 5 62 ± 6
EDTA 159 ± 17 155 ± 9 177 ± 3 184 ± 15 236 ± 8 167 ± 3 247 ± 10
Aqua regia 663 ± 71 503 ± 78 840 ± 22 818 ± 43 890 ± 29 720 ± 29 945 ± 37
Cu S1 S2 S3 S4 S5 S6 S7
H2O x 10
-3
263 ± 30 240 ± 27 258 ± 12 244 ± 25 299 ± 47 251 ± 24 346 ± 84
CaCl2 x 10
-3
285 ± 31 318 ± 23 273 ± 24 249 ± 34 226 ± 13 273 ± 41 339 ± 37
NH4OAc 2.1 ± 0.3 1.8 ± 0.1 1.8 ± 0.1 1.8 ± 0.2 2.0 ± 0.3 1.9 ± 0.0 2.1 ± 0.1
DTPA 1.6 ± 0.1 1.5 ± 0.2 1.8 ± 0.1 1.9 ± 0.1 2.3 ± 0.2 1.6 ± 0.0 2.4 ± 0.4
EDTA 26 ± 3 25 ± 2 33 ± 1 28 ± 3 40 ± 1 27 ± 1 43 ± 1
Aqua regia 43 ± 2 41 ± 3 48 ± 7 54 ± 1 59 ± 4 48 ± 7 71 ± 2
Pb S1 S2 S3 S4 S5 S6 S7
NH4OAc 0.28 ± 0.07 0.19 ± 0.05 0.21 ± 0.01 0.21 ± 0.03 0.27 ± 0.06 0.18 ± 0.04 0.23 ± 0.02
DTPA 20 ± 3 19 ± 2 23 ± 1 22 ± 1 26 ± 1 19 ±1 23 ± 4
EDTA 49 ± 16 52 ± 2 59 ± 3 57 ± 3 74 ± 7 52 ± 4 77 ± 6
Aqua regia 64 ± 4 59 ± 9 74 ± 12 78 ± 5 85 ± 5 69 ± 10 103 ± 4
Cd S1 S2 S3 S4 S5 S6 S7
NH4OAc 0.55 ± 0.09 0.55 ± 0.02 0.69 ± 0.02 0.60 ± 0.09 0.79 ± 0.10 0.58 ± 0.08 0.82 ± 0.04
DTPA 1.0 ± 0.1 1.0 ± 0.2 1.3 ± 0.1 1.0 ± 0.1 1.6 ± 0.1 1.0 ± 0.1 1.7 ± 0.3
EDTA 1.6 ± 0.3 1.5 ± 0.1 1.7 ± 0.1 1.6 ± 0.1 2.2 ± 0.1 1.4 ± 0.1 2.3 ± 0.1
Aqua regia 1.7 ± 0.1 1.5 ± 0.3 1.8 ± 0.3 2.0 ± 0.4 2.5 ± 0.1 2.0 ± 0.4 3.1 ± 0.4
Cr S1 S2 S3 S4 S5 S6 S7
NH4OAc 0.15 ± 0.03 0.14 ± 0.01 0.20 ± 0.01 0.17 ± 0.02 0.21 ± 0.02 0.16 ± 0.01 0.24 ± 0.04
DTPA 0.012 ± 0.000 0.010 ± 0.002 0.011 ± 0.001 0.010 ± 0.000 0.011 ± 0.000 0.014 ± 0.003 0.011 ± 0.001
EDTA 1.8 ± 0.1 1.8 ± 0.0 1.8 ± 0.0 1.8 ± 0.1 1.9 ± 0.1 1.8 ± 0.1 1.8 ± 0.1
Aqua regia 42 ± 3 39 ± 6 51 ± 8 56 ±  4 64 ± 2 47 ±  3 71 ± 6
Ni S1 S2 S3 S4 S5 S6 S7
NH4OAc 0.64 ± 0.07 0.62 ± 0.01 0.74 ± 0.09 0.65 ± 0.06 0.73 ± 0.06 0.66 ± 0.03 0.79 ± 0.05
DTPA 1.8 ± 0.6 1.4 ± 0.3 1.5 ± 0.2 1.7 ± 0.3 2.0 ± 0.2 1.5 ± 0.2 2.1 ± 0.4
EDTA 2.5 ± 0.1 2.3 ± 0.1 2.6 ± 0.1 2.6 ± 0.2 3.1 ± 0.1 2.3 ± 0.1 3.1 ± 0.1
Aqua regia 30 ± 3 19 ± 2 22 ± 5 23 ± 1 26 ± 3 22 ± 5 28 ± 3
 
Table 4.4. Extractable heavy metal content in the soil (mg.kg-1) by means of single 
extractions (H2O, CaCl2, NH4OAc, DTPA, EDTA) or aqua regia digestion (n = 4; ± 
standard deviation) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2.2. Biomass production 
The number of hoRhizontal willow rods was 40 per 10 m (1 rod per 25 cm). Plant 
density in the more sandy part of the field (towards Pontoon II), was 32 ± 7 shoots per 
hoRhizontal rod. Transformed into shoot density per surface area, this yields 617,500 
shoots per hectare. For the more clayey part (towards Pontoon IV), the corresponding 
density was 42 ± 1 shoots per rod or 846,670 shoots per hectare. This constitutes for an 
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extremely dense crop. Under similar conditions at a dredged sediment disposal site in 
Menen (Flanders), Vervaeke (2004) reported somewhat lower densities, ranging 
between 230,000 and 636,000 shoots per hectare, depending on the distance between 
hoRhizontal rods in the SALIMAT (10 cm, 20 cm or 40 cm). In his study, the number 
of shoots per hectare in subsequent years dwindled down to 110,000 shoots per hectare. 
 
Based on the collected willows at the seven sampling locations, the relative composition 
of aboveground plant compartments based on dry weight was 59 ± 6% wood, 26 ± 2% 
leaves and 15 ± 1% bark.  
 
The allometric relation between stem diameter and stem dry weight is presented in Eq. 
4.1. (R2 = 0.97). 
 
BM = 0.0518 . D 2.69      (Eq. 4.1.) 
  With  BM = Stem dry weight excluding foliar material (g) 
   D = Diameter at base of the stem (mm) 
 
Measurements in the field of stem diameter at the base during (July) and after the 
growing season (December), resulted in the following estimations of dry weight 
biomass (excluding foliar biomass): 5.8 – 7.8 t.ha-1 in July and 10.5 – 14.1 t.ha-1 in 
December.  
 
When including the foliar material, total estimated dry weight production in Wervik 
over the initial year amounted up to 13.2-17.8 t.ha-1. The highest biomass production 
was observed in the more sandy area in July, yet in December the highest productions 
were observed more towards the more clayey portion of the field. This was attributed to 
the fact that effective drainage in the sandy part resulted in better growth conditions 
early on in the growing season, while very dry conditions over the summer appeared to 
favour the wetter, more clayey areas.  
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3.2.3. Metal uptake 
Fig. 4.6. presents heavy metal concentration in roots, bark, wood and leaves of S. 
viminalis ‘Orm’ at the 7 sampling locations. Zn concentrations varied between 38-65 
mg.kg-1 in wood, 262-460 mg.kg-1 in bark, 275-674 mg.kg-1 in leaves and 173-250 
mg.kg-1 in roots. Cu concentrations varied between 5.9-7.8 mg.kg-1 in wood, 8.6-9.7 
mg.kg-1 in bark, 10.0-11.3 mg.kg-1 in leaves and 9.8-13.3 mg.kg-1 in roots. Cd 
concentrations varied between 1.6-3.3 mg.kg-1 in wood, 3.2-5.9 mg.kg-1 in bark, 5.0-8.8 
mg.kg-1 in leaves and 4.4-12.2 mg.kg-1 in roots.  
 
Pb concentrations varied between 1.6-3.3 mg.kg-1 in wood, 3.2-6.0 mg.kg-1 in bark, 5.0-
8.8 mg.kg-1 in leaves and 1.9-5.2 mg.kg-1 in roots. Ni concentrations varied between 
0.2-0.5 mg.kg-1 in wood, 0.5-0.8 mg.kg-1 in bark, 0.8-1.4 mg.kg-1 in leaves and 1.7-3.7 
mg.kg-1 in roots. Cr concentrations varied between 0.2-0.3 mg.kg-1 in wood, 0.3-0.4 
mg.kg-1 in bark, 0.2-0.4 mg.kg-1 in leaves and 1.6-3.2 mg.kg-1 in roots. Similar 
concentrations of heavy metals in this clone were observed by Vervaeke et al. (2003) in 
a field trial on a dredged sediment derived soil. Observed heavy metal concentrations in 
aboveground plant parts were lowest in wood for all heavy metals under study. Wood 
concentrations also did not vary significantly between the sampling locations. 
Correlations between bark and leaf concentrations were high: R2 = 0.91 for Zn, 0.81 for 
Pb and 0.74 for Cd. 
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Fig. 4.6. Heavy metal content in wood, bark, leaf and root of S. viminalis ‘Orm’ (mg.kg-
1 dry weight) observed for the 7 sampling locations; bars indicate standard deviation (n 
= 4) 
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Wood Bark Leaf
Salix viminalis 'Orm' 58 14 28
Salix schwerinii x S. Viminalis  'Tora' 61 15 24
Salix dasyclados  'Loden' 47 14 38
Wood Zn Cd Cu Pb Cr Ni
Orm 431 ± 36 1.2 ± 0.4 8.5 ± 1.7 0.33 ± 0.04 0.14 ± 0.04 0.46 ± 0.18
Tora 410 ± 31 1.6 ± 0.3 7.8 ± 0.6 0.27 ± 0.05 0.12 ± 0.03 0.67 ± 0.54
Loden 319 ± 35 3.4 ± 0.7 12 ± 5 0.41 ± 0.11 0.27 ± 0.27 1.1 ± 1.1
Bark Zn Cd Cu Pb Cr Ni
Orm 61 ± 9 4.8 ± 1.0 11 ± 1 0.39 ± 0.07 0.31 ± 0.05 0.76 ± 0.08
Tora 61 ± 13 4.8 ± 0.4 11 ± 1 0.22 ± 0.06 0.42 ± 0.47 0.94 ± 0.31
Loden 66 ± 14 14 ± 1 10 ± 1 0.44 ± 0.21 0.33 ± 0.03 0.81 ± 0.14
Leaf Zn Cd Cu Pb Cr Ni
Orm 479 ± 58 8.4 ± 0.1 11 ± 1 0.40 ± 0.09 0.22 ± 0.08 1.1 ± 0.6
Tora 634 ± 35 9.5 ± 0.7 12 ± 0 0.40 ± 0.10 0.19 ± 0.04 1.0 ± 0.0
Loden 686 ± 80 7.4 ± 0.6 11 ± 0 0.58 ± 0.13 0.29 ± 0.08 1.1 ± 0.2
3.3. Field screening of willow clones 
Fractionation of produced biomass over the various plant compartments is presented in 
Table 4.5, while heavy metal content in these compartments is given in Table 4.6. 
 
Table 4.5. Relative composition of above-ground plant compartments (%) 
 
 
 
 
The species under evaluation are known for relatively high Zn and Cd uptake which 
make them ideal for the field situation in our case study. As we have mentioned above, 
Cd and Zn are the most limiting heavy metals for site restoration. That is why we will 
focus primarily on these elements. The observed ratio between bark and wood 
corresponds well with findings by Vervaeke et al. (2004) for one year old stands of 
willows in SRC cultivation. 
 
Table 4.6. Heavy metal content in various above-ground plant compartments of the 
willow clones under study (mg.kg-1);  Intervals indicate standard deviation (n = 3) 
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4. Discussion 
4.1. Sediment contamination 
A gradient in heavy metal pollution level was associated with the gradient in organic 
matter and clay. Pollution by heavy metals proved to be strongly associated to the 
lighter soil constituents. Correlations between organic matter or clay content and the six 
heavy metals were all R² > 0.80, based on 43 samples. This close mathematical 
correlation is further illustrated for Cd and Zn in Fig. 4.7. Similarly high correlations 
were encountered for the other metals (data not shown).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.7. Correlation between soil composition (clay, organic matter; %) and total 
content of Cd and Zn (mg.kg-1) 
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Exceedances over regulatory levels were calculated as the difference between heavy 
metal content and the legal thresholds for reuse as derived surface soil (Chapter 2). 
Relevant criteria were exceeded only for Zn and Cd, with one additional sampling 
location which also exhibited exceedance of the criteria for Cr. In addition to Cd and 
Zn, Cr and Pb can also be of concern in dredged sediments in Flanders, whereas Cu and 
Ni do not frequently exceed respective criteria in dredged sediment derived surface soils 
(Vandecasteele, 2004). 
 
Fig. 4.8. presents the exceedance  over legal criteria. This figure reveals that the criteria 
for Cd and Zn were exceeded only for a portion of the study area: 21.4% of the study 
area proved to be below all relevant criteria, while 35.1% of the area was above the 
legal limit only for Cd with exceedances ranging from 0.1 to 0.8 mg.kg-1. This can be 
further subdivided, based on the isoconcentration lines as follows: 11% was 0 – 0.2 
mg.kg-1 over threshold levels, 9.7% was 0.2 – 0.4 mg.kg-1 over threshold levels, 5.8% 
was 0.4 – 0.6 mg.kg-1 over threshold levels and 8.6% was 0.6 – 0.8 mg.kg-1 over 
threshold levels (sum = 35.1%). An additional 43.5% exhibited a co-contamination with 
Zn with exceedance of 0.8-2.0 mg.kg-1 Cd and 0-200 mg.kg-1 Zn. Cd was the most 
limiting factor for reuse as soil.  
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A 
B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.8. Exceedance over the legal criteria for the reuse of dredged sediments as soil   
(mg.kg-1) for: A Zinc (mg.kg-1), B Cadmium (mg.kg-1); White indicates values below 
the legal criteria for reuse as soil 
 
 
4.2. Phytoextraction of heavy metals with S. viminalis ‘Orm’ 
4.2.1. Field preparation 
Dredged sediment landfills are naturally invaded by Salix species. They form the climax 
species on freshwater tidal marshes and other sediment derived substrates contaminated 
with metals (Vandecasteele, 2002b). The SALIMAT planting technique applied in this 
study, proved to be successful for rapid introduction of a very dense willow stand on a 
wet, inaccessible swamp-like environment. This is a confirmation of Vervaeke et al. 
(2003), who also reported rapid development of a dense stand on the dredged sediment 
disposal site in Menen by SALIMATS. The formation of a high density stand with 
perennial root system strongly reduces dispersal of contaminants through wind or runoff 
(Riddell-Black, 1994). Increased evapotranspiration by the active willow crop, 
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combined with interception of rainfall by the canopy also result in reduced leaching of 
contaminants (Persson & Lindroth, 1994; Ledin, 1998). The active evapotranspiration 
results in an increased rate of dewatering of the dredged sediments. These 
characteristics make the use of SALIMATS on freshly dredged sediments a sensible 
first phytostabilizing step in the remediation of landfills.  
 
After initial implementation of the vegetative cover, substantial drainage of the terrain 
was observed during May – June. The terrain became accessible near the second half of 
June and the plough layer was observed to be in aerobic, oxidized state by the time that 
the biomass production of the stand became significant (July). The rapid drainage and 
oxidation of the top soil layer was considered not to be signicifanctly induced by the 
germinating crop at that stage. 
  
4.2.2. Biomass production 
A higher biomass yield was observed in the more clayey portion of the field, compared 
to the more sandy portion. This higher yield in the more clayey portion was attributed to 
better growing conditions there, both in terms of moisture content and nutritional state. 
When foliar biomass is included, the produced dry weight production amounts up to 
13.2-17.8 t.ha-1 after the first year of growth. Average annual dry weight production of 
the standing biomass at the dredged sediment disposal site in Menen, Flanders 
(Vervaeke, 2004) was 10.3 t.ha-1 in the first year. Increments in the two subsequent 
years in his work were substantially higher with 17.5 t.ha-1. From the fourth year 
onwards, annual production decreased with production in the sixth year being lower 
than the first year.  
 
Nominal productivity with willows is situated in the range 8 – 12 ton dry weight per ha 
(Cannell & Smith, 1980; Hansen, 1991). Perttu (1998) estimated that productivity may 
increase to 12 – 14 t.ha-1 over the next 10 – 20 years by enhancing cropping practices 
and screening for better performing clones. Implementation of intensive farming 
techniques could further enhance productivity to 20 – 25 t.ha-1 per year (Heilman & 
Stettler, 1985; Heilman et al., 1987; Scarcascia-Mugnozza et al., 1997), but can induce a 
bigger strain on the environment. On the other hand, Pulford et al. (2002) observed 
Chapter 4. Field experiment with Salix spp. 
 152 
productivity to remain below 8 t.ha.y-1 for 20 clones tested a soil highly contaminated 
with heavy metals due to long term sewage sludge disposal. S. viminalis ‘Orm’ were 
even excluded from mass balance evaluations due minimal biomass production. 
 
4.2.3. Metal uptake 
Cd and Zn were easily assimilated and translocated to aboveground plant parts resulting 
in elevated leaf, bark and, to a lesser extent, wood concentrations while Cr, Cu, Ni and 
Pb were less easily accumulated (Fig. 4.6.). These latter elements have been reported (i) 
to be bound stronger to the soil matrix (Blume & Brummer, 1991), making them less 
available for plant absorption, (ii) to be retained within the roots exhibiting lower 
translocation to aboveground plant parts (Alloway, 1995; Marschner, 1995) and/or (iii) 
displaying lower mobility in plants as a result of strong binding to the xylem (Nissen & 
Lepp, 1997). Salix plants have been reported for their relatively high uptake of Cd and 
Zn (Nissen & Lepp, 1997; Rosselli et al., 2003). Vervaeke (2004) concluded that only 
Cd could be extracted in sufficient amounts from dredged sediment derived surface 
soils by Salix spp. to be applied for phytoextraction purposes. The maximum projected 
potential extraction with willows estimated in his report from a dredged sediment with 
similar composition as the one described in this Chapter, was 0.07 mg.kg-1 (3 mg.kg-1 
decrease with 41 annual harvests). Laureysens et al. (2005b) estimated annual attainable 
removal of Cd and Zn by SRC with poplars at 24 – 29 g.ha-1 Cd and 1.0 – 1.2 kg.ha-1 Zn 
from a soil containing only low levels of these metals (< 0.8 mg.kg-1 Cd, < 160 mg.kg-1 
Zn). This corresponds with annual reduction in the plough layer with 0.007 – 0.008 
mg.kg-1 Cd and 0.29 – 0.34 mg.kg-1 Zn. Klang-Westin & Eriksson (2003) estimated 
annual Cd removal in the range of 5 – 17 g.ha-1, which would imply an average decrease 
with 0.001 – 0.005 mg.kg-1. Hammer et al. (2003) reported removal of 170 g.ha-1 Cd 
and 13.4 kg.ha-1 Zn after five years on a calcareous soil and 47 g.ha-1 Cd and 14.5 kg.ha-
1 Zn after two years on an acidic soil. This corresponds with average annual decreases in 
the top soil layer with 0.007 – 0.010 mg.kg-1 Cd and 3.8 – 4.1 mg.kg-1 Zn. 
 
Based on the observed aboveground biomass productions and the heavy metal content 
in above ground plant tissues as presented in Fig. 4.6., the maximum observed mass of 
metals extracted per ha and per year would amount up to 5,034 g for Zn, 83 g for Cd, 
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145 g for Cu, 83 g for Pb, 12 g for Ni and 6 g for Cr. This would correspond with an 
average annual decrease in soil content (top 25 cm) of respectively 1.4 mg.kg-1 Zn, 0.04 
mg.kg-1 Cu, 0.02 mg.kg-1 Pb and Cd and negligible amounts of Ni and Cr. These 
constitute, with the exception of Zn, for low overall extraction values.  
 
Concentrations of assimilated Cd and Zn in the aboveground plant parts were in the 
order: Leaves > Bark > Wood. This is consistent with findings of Vervaeke (2004). 
Other authors also reported higher levels of nutrients in bark when compared to wood 
(Hytönen et al., 1995; Riddell-Black et al., 1997). A considerable portion of total 
aboveground Cd was situated in the leaves (43 – 62%). Klang-Westin & Eriksson 
(2003) also reported a substantial fraction of Cd located the in leaves compared to the 
shoots in willow stands grown on contaminated agricultural land (21 – 48%). In 
addition, a number of authors have reported increased foliar concentrations of heavy 
metals in various tree species prior to senescence (Ross, 1994; Riddell-Black, 1994; 
Hasselgren, 1999; Vervaeke, 2004). This is interpreted as metal shunting, occurring in 
the plant tissues as a possible detoxification mechanism prior to leaf fall in autumn 
(Pulford & Watson, 2002). Short rotation coppice of willows for biomass production 
under optimal conditions proposes rotation periods of 3 to 5 years. This implies that 
foliar material is not harvested, which would decrease the overall efficiency of the 
phytoextraction procedure. The loss of extracted metals by recirculation to the soil in 
the current experiment would amount up to 49% for Cd, 34% for Cu, 49% for Pb and 
62% for Zn. It can also be argued that drift of leaves upon abscission may result in 
migration of the accumulated metals to neighbouring sites. In order to optimize export 
of heavy metals, leaves would therefore need to be exported as well. This can either be 
performed by collecting the foliar material after leaf fall, or by harvesting the willows 
while still carrying leaves. Hammer et al. (2003) reported no negative effect of annual 
harvesting before the start of leaf senescence. They demonstrated that Salix could be 
clearfelled every year prior to leaf fall and still produce an increasing annual biomass.  
 
The concentrations for Pb in wood were not as high as reported by Vervaeke et al. 
(2003) in wood of S. viminalis ‘Orm’ grown on dredged sediments with comparable soil 
composition and pollution level. He reported levels of up to 12.7 mg.kg-1 Pb for wood 
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and bark sampled together, whereas in our investigation levels in either wood or bark 
never exceeded 6 mg.kg-1. Cu concentrations were also in the order leaves > bark > 
wood, yet the difference between wood and the other two compartments was less 
pronounced than for Zn or Cd. Other authors have also reported that the differences in 
metal concentrations between various biomass compartments of trees were less 
pronounced for Cu and Pb than for Zn and Cd (Ross, 1994; Riddel-Black et al., 1997; 
Nissen & Lepp, 1997). Ni and Cr were retained almost entirely in the roots (Fig. 4.6.). 
Pulford et al. (2001, 2002) also observed only limited accumulation of Cr in the 
aboveground parts and concluded that the applicability for willows is limited for this 
metal. 
 
4.2.4. Phytoavailability assessment using single extractions 
Estimation of plant available amounts of heavy metals can play a vital role in modelling 
phytoextraction efficiencies and required remediation periods. Taking into consideration 
that phytoremediation is a long term enterprise, the need arises for the ability to predict 
“phytoavailability” and extraction efficiencies based on easy and rapid assays early on 
in the process.  
 
In the assessment of the correlations between single extractions and plant uptake for the 
estimation of the “phytoavailable” soil fraction of heavy metals, only Cd, Pb and Zn are 
discussed since uptake of the other elements did not sufficiently discriminate between 
the various sampling locations. Extractable levels for these metals were compared to 
concentrations found in bark and leaves. Table 4.7. presents the correlations between 
the various extractions and concentrations observed in bark and leaf.  
 
For the three elements under assessment, the aqua regia extraction correlated best with 
levels encountered in bark and leaves. This can presumably be attributed to the fact that 
soil characteristics only varied slightly between the seven sampled locations (calcareous 
soils within related soil texture classes), with total soil content remaining as the main 
discriminating factor. DTPA extraction provided a very poor measure for Zn 
“phytoavailability” and exhibited rather low correlations for Cd and Pb as well. The 
lack of correlation with Cd and Zn accumulation was also observed in the comparison 
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Zn NH4OAc DTPA EDTA Aqua regia CaCl2 H20
Bark 0.67 0.04 0.63 0.90 0.42 0.46
Leaf 0.81 0.05 0.84 0.84 0.68 0.62
Cd NH4OAc DTPA EDTA Aqua regia
Bark 0.53 0.38 0.31 0.58
Leaf 0.58 0.49 0.51 0.76
Pb NH4OAc DTPA EDTA Aqua regia
Bark 0.01 0.39 0.51 0.70
Leaf 0.00 0.25 0.51 0.85
of various soil extractions with uptake by P. vulgaris, described in Chapter 3 (Table 
3.11., Table 3.15.). NH4OAc extraction was unable to predict increases in Pb-
”phytoavailability” along the pollution gradient. The observed increases in Pb taken up 
by the plants are therefore not caused by shifts in exchangeable Pb in the soil. 
Correlation between NH4OAc-extractable Zn and concentrations observed in bark and 
leaves indicated that increases in availability of this element may be caused by increases 
in exchangeable Zn in the soil. Similar correlations with the CaCl2-extraction further 
substantiate this hypothesis. As H2O extractable Zn also increased with increasing 
levels in bark and leaves, the enhanced “phytoavailability” is due to higher overall water 
solubility of Zn in the soil 
 
Table 4.7. Correlation (R²) between extractable concentrations and concencentrations 
observed in the plant (bark/leaf) 
 
 
 
 
 
 
 
 
 
4.3. Field screening of willow species 
From Table 4.6., we can deduce that by far S. dasyclados ‘Loden’ accumulated the 
highest concentrations of Cd. Bertholdsson (2002) reported that out of 90 tested S. 
clones, S. dasyclados ‘Loden’ exhibited the best performance in regards with Cd 
accumulation. Assuming a stem dry weight production of 12 tons per ha and per year, 
the extracted mass of Cd in the stem amounts up to 70.4 g for S. dasyclados ‘Loden’, 
22.8 g for S. viminalis ‘Orm’ and 26.8 g in S. schwerinii x S. viminalis ‘Tora’. Pulford et 
al. (2002) found that in the comparison of the metal removing capacity of 20 willow 
clones, S. dasyclados systematically extracted more Cd and Zn than any of the S. 
viminalis tested (including ‘Orm’) and more than any S. schwerinii x S. viminalis clone 
(including Tora).  
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If we also take into account the mass of Cd contained within the leaves these amounts 
increase up to respectively 127.1 g, 62.0 g and 62.8 g. This has several important 
repercussions: S. dasyclados ‘Loden’ extracts Cd at a much faster rate than both other 
clones and harvesting the leaves would result in an efficiency-increase of 45% for this 
clone. Future validating screenings will be required to compare biomass production, 
biomass fractionation and heavy metal accumulation in the various plant compartments 
of these and other clones on different sites to extrapolate these findings to a broader 
context. In the field screening S. dasyclados ‘Loden’ exhibited substantially higher 
foliar production in relation to shoot dry weight, with 38% compared to 24-28% for the 
other clones (Table 4.5.). This characteriztic for this particular clone has also been 
reported by Weih & Nordh (2002). In addition it has also been confirmed in further 
experiments in comparison to other clones (Chapter 5). 
 
In the field survey, Cd was found to be the most limiting element in regards with soil 
criteria transgression (Fig. 4.8.). The effectuated decrease in soil content of Cd can be 
estimated by dividing the phytoextracted mass by the weight of the soil top layer 
containing the plant roots. To this end, the bulk weight of the top soil layer (25 cm) is 
approximated at 3,500,000 kg per hectare. On average this would result in an annual 
decrease of 0.036 mg.kg-1 Cd. These figures would result in the following estimated 
annual progression of the phytoextraction procedure: at the start 21.4% of the site were 
below legal criteria, in the first five years an additional 11.0% of the site would be 
reduced to below these criteria, after another six years an additional 9.7% would be 
remediated. This means that in the first eleven years, already 42.1% of the site would be 
reduced to below legal criteria for reuse as soil. It would take another eleven years to 
remediate an additional 14.4%. Vervaeke (2004) concluded that only Cd could be 
extracted in sufficient amounts from dredged sediments by Salix spp. to be applied for 
phytoextraction purposes. The maximum projected potential extraction with willows 
estimated in his report from a dredged sediment with similar composition as the one 
described in this Chapter, was 0.07 mg.kg-1 with a Salix triandra ‘Noire de Villaines’ 
stand, with an projected decrease of 3 mg.kg-1 over 41 annual harvests. Some caution is 
required when performing this type of projected estimation of phytoextraction 
performance. The current projection assumes a linear decrease of metal content in the 
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soil per year, whereas in reality this decrease may level off over time as more 
“bioavailable” pools may be more rapidly exhausted than they are replenished. 
 
Similar calculations for the extraction potential can be made for Zn. Again assuming a 
stem dry weight production of 12 t.ha-1.y-1, this would result in the annual accumulation 
per hectare (excl. leaves) of 3.13 kg Zn for S. dasyclados ‘Loden’, 1.51 kg Zn for S. 
viminalis ‘Orm’ and 1.57 kg Zn for S. schwerinii x S. viminalis ‘Tora’. Including the 
foliar material, the annual accumulated mass of Zn per hectare would increase to 8.27 
kg Zn for S. dasyclados ‘Loden’, 5.10 kg Zn for S. viminalis ‘Orm’ and 6.32 kg Zn for 
S. schwerinii x S. viminalis ‘Tora’. A major portion of extracted Zn is therefore stored in 
the leaves. The estimated annual decrease induced by S. dasyclados ‘Loden’, in the top 
soil layer would amount to 2.4 mg.kg-1 per year. 
 
Maximum extraction for the other metals by S. dasyclados ‘Loden’ including foliar 
material, amounts to 220 g.ha-1.y-1 for Cu, 9.3 g.ha-1.y-1 for Pb, 5.9 g.ha-1.y-1 for Cr, 20.6   
g.ha-1.y-1 for Ni. The extraction levels are too low to consider for phytoextraction 
purposes under the current conditions.  
 
4.4. Possibilities and limitations for phytoremediation 
Dredged sediments are generally very rich in nutrients. As phytoextraction efficiency of 
heavy metals can be defined as the produced biomass multiplied by the metal content 
contained within this biomass, optimal growth conditions suggest optimal extraction 
potential. The application of SALIMAT planting technique allows for the introduction 
of a vegetative cover under wet conditions, when the site itself is still inaccessible for 
other purposes. Willows are naturally occurring pioneers of wetlands and swamps. In 
the current field experiment, no adverse effects on growth due to the reduced state of the 
dredged sediment were observed.  
 
Phytoextraction of heavy metals is generally a slow, time-consuming process, requiring 
years or decades before remediation objectives are achieved. The pollution gradient 
imposed on the field by the manner of sediment introduction allows for a gradual and 
progressive site remediation. After the first year of plant growth, an assessment and 
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timespan projection can be made, based on the biomass production, heavy metal 
accumulation levels, legal threshold exceedance and the gradient of these exceedances 
over the field. Initial modelling allows for an estimation of the required time frame for 
clean up of each iso-concentration line individually. Pollution hotspots which would 
require unacceptably long remediation periods can still be remediated using more 
expensive and ‘hard target’ sanitation techniques such as (localized) excavation and 
treatment. The combination of phytoremediation and civil engineering techniques 
allows for guaranteed site sanitation within a pre-set timespan and at lower projected 
cost than that offered by conventional techniques alone.  
 
The use of Salix spp. has the unique benefit over other species in that it can tolerate and 
thrive under anoxic soil conditions. For example, Helianthus spp. and Zea mays sown 
under similar conditions at the same site failed to germinate entirely. In addition, the 
species exhibits high pollution tolerance and combines high annual biomass production 
with the accumulation of elevated levels of Cd and Zn. Woody biomass can easily be 
converted into renewable energy at small scale by thermal gasification. Heavy metals 
are thought to mainly remain in the ash fraction following pyrolysis. In order to prevent 
volatilisation and emission of certain more volatile heavy metals (e.g. Cd) into the 
atmosphere, exhaust gases will require additional scrubbing and filtering. This approach 
allows for the production of 1.25 MWh.t-1 electricity and 9 GJ.t-1 thermal energy 
(Vervaeke et al., 2003). The combination of renewable energy-production and 
progressive phytoextraction of inorganic pollutants is an interesting route of thought, in 
which derelict soils can be economically valorized. A third advantage of willows over 
herbaceous species is the capacity to regrow spontaneously from cut off rods after 
harvest. This omits the requirement for re-tilling and replanting the site on an annual 
basis, as is the case for agronomic crops. 
 
 
 
 
 
 
Chapter 4. Field experiment with Salix spp. 
 159 
5. Conclusion 
The application of phytoextraction technologies on this type of contaminated sediment, 
enjoys a number of advantages in comparison to both conventional civil engineering 
techniques and phytoremediation using herbaceous terrestrial plant species. The very 
high nutritional state, low economic value of the site, moderate contamination level and 
pollution gradient over the field strongly all favour application of phytoremediation 
techniques on this type of substrate. The high pollution tolerance of Salix spp., its ability 
to grow under reduced conditions, its high annual biomass production, the elevated 
accumulation levels of Cd and Zn in aboveground plant parts, the possibility of 
introducing the vegetative cover on wet, still inaccessible substrate and the ability to 
revalorize the produced biomass for production of renewable energy are strong 
advantages over other plant production schemes designed for phytoremediation 
purposes.  
 
The observed aboveground biomass production of S. viminalis ‘Orm’ varied between 
13.2 t.ha-1.y-1 and 17.8 t.ha-1.y-1, which corresponds with a high productivity. However, 
this clone did not exhibit high accumulation potential and extracted up to 5,034 g Zn, 83 
g Cd, 145 g Cu, 83 g Pb, 12 g Ni and 6 g Cr per hectare per year. The comparative 
screening revealed that S. dasyclados ‘Loden’ proved to be capable of removing higher 
annual amounts of Cd and Zn: 8,275 g for Zn and 127 g for Cd. This corresponds with a 
projected annual removal of respectively 2.36 mg.kg-1 and 0.036 mg.kg-1 from the top 
soil layer (25 cm). The feasibility of the proposed system is considered to be limited to 
the metals Zn, Cd and perhaps Cu, but probably not Pb, Cr or Ni. 
 
The screening for more accumulating clones and/or the application of short-lived soil 
amendments to enhance phytoextraction efficiency could potentially increase the annual 
mass of heavy metals to be removed from the soil. These aspects are explored in further 
detail in Chapters 5-8. 
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5.  
Comparative Screening of Salix spp.  
for Phytoextraction of Heavy Metals 
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1. Introduction 
1.1. Background 
Tree species have a range of characteristics, which make them suitable for application in 
phytoremediation approaches. In particular, Salix spp. have been suggested as they are 
fast to propagate, achieve high annual biomass production and enjoy a high tolerance 
against metal pollution. They have been proposed both for stabilization and removal of 
contaminants from contaminated soils.  
 
A vegetative cover can be considered as a self-sustaining cap composed of soil and 
plants. They can form an alternative to composite clay or plastic layer caps (Ettala et al., 
1988; Schnoor et al., 2000; Nixon et al., 2001). The plants control erosion and minimize 
seepage of water. The canopy of dense SRC willow stands intercepts 25-30% of the 
rainfall during the growing season, directly evaporating it to the air afterwards. In 
addition, willows are characterized by an elevated overall water use (Perttu, 1998). 
Several studies have also demonstrated that many species or clones of Salix have the 
capacity to accumulate elevated levels of Cd and Zn in aboveground biomass 
compartments (Landberg & Greger, 1996; Lunácková et al., 2003; Roselli et al., 2003).  
This capacity may lead to ecotoxicological risks but might also be applied for removing 
metals from the topsoil. Landberg & Greger (1994) and  Punshon & Dickinson (1997a) 
suggested that Salix might be sufficiently tolerant to decrease the plant-available heavy 
metal load in contaminated soils, while still maintaining high yields in a 
phytoremediation system.  
 
The obtained biomass might subsequently be used for bio-fuel production (Verwijst, 
2001; Hammer et al., 2003). The ability to cultivate willows on dredged sediments has 
been previously been demonstrated in field experiments (Vervaeke et al., 2001, 2003). 
In Chapter 4, three Salix species were compared in their capacity to accumulate heavy 
metals, particularly Cd and Zn, in a field scale evaluation. In this Chapter, the best 
performing species of the field screening (Loden) is further compared with four other 
species in three different types of soils and sediments.  
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Enhanced phytoextraction aims to induce shoot accumulation of heavy metals by 
increasing their “phytoavailability” in the soil. Chelating agents have been proposed as 
a soil amendment for this purpose. EDDS is a naturally occurring chelator (Nishikiori et 
al., 1984; Goodfellow et al., 1996). The metal chelating ability, accompanied with the 
short activity timespan in the soil due to rapid biodegradation, makes EDDS suited to 
consider as soil amendment for enhanced phytoextraction purposes (Schowanek et al., 
1997; Lestan & Grcman, 2002).  
  
1.2. Objectives 
The aim of this Chapter is to continue screening for better performing willow clones 
which exhibit the ability to accumulate elevated levels of heavy metals in harvestable 
plant parts, with Cd and Zn in particular. The species used in this study were: Salix 
dasyclados ‘Loden’, Salix triandra ‘Noir de Villaines’, Salix fragilis ‘Belgisch Rood’, 
Salix purpurea x Salix daphnoides ‘Bleu’, Salix schwerinii ‘Christian’. The aim of this 
screening was to compare relative differences in metal uptake potential.In addition, the 
potential use of a degradable chelating agent (EDDS) for the stimulated shoot 
accumulation of these and other heavy metals is evaluated in Loden. The soil substrates 
used in the current experiments are two oxidized calcareous dredged sediments, varying 
in pollution level, and an acidic sandy soil. 
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2. Material & Methods 
2.1. Soil collection 
Three soils and sediments were collected for this experiment: (i) a moderately 
contaminated dredged sediment derived surface soil from the disposal site of Meigem; 
this soil is also used in pot experiments in Chapters 6-8 (A1), (ii) a derived surface soil 
from Gavere, originating from an overbank sedimentation zone with similar soil 
characteristics as the Meigem soil, yet with higher total content of Cd and Zn (A2), (iii) 
a soil collected at a site contaminated by historical smelter activity (atmospheric 
deposition) and currently used for a phytoextraction field experiment (A3).  
 
2.2. Soil characteristics 
Soil conductivity was measured with a WTW LF 537 electrode (Wissenschaftlich-
Technischen Werkstäten, Weilheim, Germany) after equilibration for 30 minutes in 
deionized water at a 5:1 liquid:solid ratio and subsequent filtering (white ribbon; 
Schleicher & Schuell, Dassel, Germany). To determine pH-H2O, 10 g of air-dried soil 
was allowed to equilibrate in 50 ml of deionized water for 24 h. The pH of the 
supernatant was then measured using a pH glass electrode (Model 520A, Orion, Boston, 
MA, USA). Total carbonate content present in the sediment was determined by adding a 
known excess quantity of sulphuric acid and back titrating the excess with sodium 
hydroxide (Van Ranst et al., 1999). Organic matter was determined by loss of ignition at 
550°C. The grain size distribution of the soil samples was determined using laser 
diffractometry (Coulter LA200, Miami, FL, USA) with the clay fraction defined as the 
0-6 µm fraction (Vandecasteele et al., 2002a). This fraction was found to correspond 
with the 0-2 µm fraction using the conventional pipette method. Likewise, 6-63 µm was 
used as the silt fraction and 63-2000 µm as the sand fraction. The Cation Exchange 
Capacity (CEC) of the sediment was determined by first saturating the soil matrix with 
NH4
+, then desorbing the NH4
+ by K+ and measuring the quantity of the NH4+ in the 
leachate (Van Ranst et al., 1999).  
 
Nutritional state of the three soils was evaluated. To this end, the extraction values of 
Ca, Mg, K, Na and P were assessed in the NH4OAc-EDTA extractions, accounting for 
the soil specific cation exchange capacity (Van Ranst et al., 1999; cfr also Chapter 4, 
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Table 4.1.). P was determined colorimetrically using the method of Scheel. An adapted 
Kjeldahl digestion was used for determination of total N content (Bremner, 1996). 
 
Pseudo-total soil content of heavy metals was estimated by aqua regia digestion (Van 
Ranst et al., 1999). Heavy metal (Cd, Cu, Cr, Ni, Pb, Zn) analysis in the digestion and 
the various extractions was subsequently performed, using inductively coupled plasma – 
optical emission spectrometry (ICP-OES; Varian Vista MPX, Varian, Palo Alto, CA, 
USA). The following extraction procedures were used to characterize metal mobility in 
the soils under study (Table 5.1.). All extraction protocols were performed on air-dried 
and ground soil, with the exception of the Rhizon soil samplers (MOM-type; 
Eijkelkamp Agrisearch, Giesbeek, the Netherlands). Rhizons were fitted in the pots and 
soil moisture was sampled at the actual soil moisture content (constant between 2/3 of 
field capacity and field capacity). The three single extraction procedures used have been 
proposed to gain insight in “bioavailable” soil fractions of heavy metals. CaCl2 (0.01 M) 
is used to extract exchangeable metals with an unbuffered solution at ionic strength 
similar to that of the soil solution. Häni & Gupta (1985) were some of the first to 
propose the use of a neutral salt solution to assess actual metal “bioavailability”. 
Novozamsky et al. (1993) proposed the use of 0.01 M CaCl2 as extraction reagent for 
estimation of metals and nutrients in air dry soil samples. Houba et al. (1996; 2000) 
elaborated on the benefits of this particular protocol. The primary considerations for this 
reagent were that the solution has similar ionic strength of that of soil solutions and that 
Ca is the predominant cation in the soil solution. Since the extraction solution is 
unbuffered, the relevant interactions occur at the pH of the soil. The divalent cation also 
assures good coagulation of the colloidal material in the suspension, eliminating the 
need to use higher salt concentrations such as required for monovalant cations such as 
Na, K or NH4. NH4OAc (1 M; pH 7) is a buffered extraction solution with higher ionic 
strength also aimed at extracting the exchangeable metals. The acetic acid also serves to 
mimic mobilization by light molecular organic acids present in the rhizosphere (Van 
Ranst et al., 1999). The use of 1 M NH4OAc as extractant (L:S 20:1, 1h) has been 
adopted in French legislation (French standard NF X 31-108; Afnor, 1994 cited in Brun 
et al., 2001). The extraction solution is buffered at around pH 7 to avoid carbonate 
dissolution for use in environmental studies (Baker et al., 1994; Gommy et al., 1998; 
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Extraction solution Liquid:Solid Equilibration time Fraction
Rhizon Soil Moisture Samplers At field capacity - Soil solution
0.01 M CaCl2 5:1 2 h Soil solution + weak exchangeable
1 M NH4OAc (pH 7.0) 30:1 Column displacement Exchangeable + weak complexable
0.5 M NH4OAc, 0.5 M HOAc, 0.02 M EDTA (pH 4.65) 5:1 30 min Exchangeable + complexable
Aqua regia 100:1 24 h Pseudo total
Van Ranst et al., 1999). A mixed EDTA (ethylenediaminetetra acetic acid) - NH4OAc 
extraction solution was first introduced by Lakanen & Ervio (1971). Complexation by 
EDTA and acetic acid are used to mimick complexing behaviour by root exudates, 
whereas NH4
+ is capable of desorbing the exchangeable soil fraction and the pH 
simulates rhizosphere acidity. EDTA-extractions are widely used in ecochemical 
evaluations, more particularly those involving plant uptake. 
 
Table 5.1. Extraction procedures used to characterize metal content and mobility in the 
soils used in this experiment 
 
 
 
 
 
2.3. Plant experiment 
The screening consisted out of a pot experiment in open air, in which the five clones 
were planted in three different soils and allowed to grow from May until November. 
Pots containing 3 kg (dry weight) of soil were planted in May with the various willow 
clones under study. Per clone and per soil soil three replicates were planted, resulting in 
a total of 45 pots. In each pot, three cuttings (20 cm) of equal diameter (0.8-1.2 cm) 
were inserted. The pots were randomized to avoid the effects of micro-climatic 
variation. To avoid limiting effects in regards with nutritional state, the pots were 
fertilized four times over the course of the growing season (twice in July, once in 
August, once in September) with a fertilizer consisting out of: 14% N (10% NO3-N, 4% 
NH4-N), 4% P2O5, 28% K2O, 3% MgO, 0.02% B, 0.001% Mo. Of this formula, 0.4 g 
were dissolved in 200 ml water and applied to each pot in each of the four fertilization 
treatments. In November, the plants were harvested, brushed to remove soil particles, 
rinsed with deionized water and oven dried at 60°C. Subsequently the samples were 
separated in leaves and stems, after which each fraction was weighed to ascertain dry 
weight biomass production. For the purposes of this study the term ‘stem’ refers to the 
new shoot tissue sprouting from the cuttings. It therefore excludes foliar material and 
the cuttings themselves. Stem and leaf samples were ground using a Culatti DCFH 48 
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grinder and sieved with a 1 mm sieve. Plant samples were ashed at 450°C and dissolved 
in nitric acid before element analysis using Flame-AAS (Varian SpectrAA 10, Palo 
Alto, CA, USA). 
 
In a separate, simultaneous experiment, the effect of soil amendment with ethylene 
diamine disuccinate (EDDS) on induced metal uptake was evaluated in one of the five 
clones (S. dasyclados ‘Loden’). To this end, 7.5 mmol of EDDS was applied to each 
treated pot, divided over three separate doses which were spread over a period of one 
week in early September (last dose 8 weeks before harvest). The EDDS treatment was 
dissolved in 3 x 200 ml deionized water and applied to the top of the pots, 8 weeks 
before harvest. The effect of EDDS on plant concentrations was compared in plants 
sampled before (control) and after application. 
 
2.4. Statistical analysis  
Descriptive statistics were performed using the SPSS 11.0 (SPSS Inc.) and Excel 
(Microsoft Inc.) software packages. Levene’s test was used to ascertain homogeneity of 
the variances between the various treatments. When non-equal variances were observed, 
the Dunnett’s T3 adaptation was used to screen for significant differences. Two-way 
anova was used to check for factor interactions between soil type and clone and between 
soil type and soil treatment with EDDS. Tukey pairwise multiple comparison was used 
to compare all plant performances, and to check for the statistical significance of 
observed differences (α = 0.05). In case of interaction between soil type and soil 
treatment with EDDS, metal concentrations were compared between the treated and 
untreated soil with the t-test. 
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Meigem (A1) Gavere (A2) LUC (A3)
pH-H2O - 7.5 ± 0.0 7.6 ± 0.0 6.6 ± 0.1
EC µS.cm
-1
110 ± 5 170 ± 12 56 ± 5
OM % 9.8 ± 0.2 13.2 ± 0.1 3.9 ± 0.2
CaCO3 % 8.0 ± 0.3 6.6 ± 0.8 2.8 ± 0.5
CEC cmol(+).kg
-1
23.5 ± 0.4 25.8 ± 0.2 7.1 ± 0.5
Sand % 6 20 86
Silt % 55 45 9
Clay % 39 35 5
Ntot mg.kg
-1
2898 ± 86 3574 ± 40 1018 ± 63
Ptot mg.kg
-1
331 ± 13 262 ± 12 147 ± 37
PNH4OAc-EDTA mg.kg
-1
290 ± 14 247 ± 4 105 ± 9
Catot mg.kg
-1
31388 ± 1139 36104 ± 1996 4654 ± 236
Mgtot mg.kg
-1
583 ± 1 488 ± 13 164 ± 1
Ktot mg.kg
-1
842 ± 130 1039 ± 84 439 ± 4
Natot mg.kg
-1
95 ± 22 341 ± 15 52 ± 2
CaNH4OAc-EDTA mg.kg
-1
21371 ± 1364 16095 ± 64 1024 ± 27
MgNH4OAc-EDTA mg.kg
-1
243 ± 20 190 ± 4 40 ± 2
KNH4OAc-EDTA mg.kg
-1
423 ± 57 338 ± 26 121 ± 4
NaNH4OAc-EDTA mg.kg
-1
54 ± 6 114 ± 6 11 ± 1
3. Results 
3.1. Soil characteristics 
Table 5.2. presents the soil composition for the three soils used in this experiment. The 
sediment derived soils (A1, A2) exhibit higher levels of organic matter and clay than 
sandy surface soil (A3). This is also reflected in a higher cation exchange capacity 
(CEC). Carbonate content in the two dredged sediments is also elevated, resulting in a 
soil pH buffered around neutral to slightly alkalic levels. Soil pH for A3 was slightly 
below 7.0. Soil texture according to USDA classification was silty clay loam for A1, 
clay loam for A2 and loamy sand for the A3. 
 
Table 5.2. Soil composition and nutritional state (total content and NH4OAc-EDTA 
extractable concentrations) of the three soil soils used in this study; ± indicates standard 
deviation (n = 3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The soil nutritional state was estimated from the NH4OAc-EDTA extraction and the soil 
specific cation exchange capacity according to Van Ranst et al. (1999) (see also Table 
4.1., Chapter 4). The nutritional state for P was normal to high in A3 and very high in 
the other two soils. Available Ca was very high in all soils. Mg was normal A3, high for 
A2 and very high for A1. Available K was high for A2 and very high for A3 and A1. 
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Aqua regia (mg.kg
-1
) Meigem (A1) Gavere (A2) LUC (A3)
Cd 8.0 ± 0.5 25 ± 3 5.5 ± 1.1
Cr 161 ± 11 440 ± 52 12 ± 2
Cu 111 ± 8 54 ± 6 28 ± 6
Ni 49 ± 3 26 ± 3 4.4 ± 0.9
Pb 134 ± 9 183 ± 18 206 ± 46
Zn 765 ± 51 1160 ± 69 275 ± 50
NH4OAc-EDTA (mg.kg
-1
) Meigem (A1) Gavere (A2) LUC (A3)
Cd 6.2 ± 0.4 22 ± 1 4.3 ± 0.2
Cr 2.9 ± 0.1 12 ± 1 0.12 ± 0.02
Cu 72 ± 5 32 ± 3 12 ± 1
Ni 11 ± 1 2.8 ± 0.3 0.36 ± 0.08
Pb 97 ± 6 126 ± 3 113 ± 8
Zn 413 ± 28 398 ± 13 160 ± 10
NH4OAc (mg.kg
-1
) Meigem (A1) Gavere (A2) LUC (A3)
Cd 2.1 ± 0.1 7.4 ± 0.2 1.9 ± 0.1
Cr 0.34 ± 0.03 0.74 ± 0.04 < 0.1
Cu 2.1 ± 0.1 3.2 ± 0.1 < 1.5
Ni 2.9 ± 0.5 1.3 ± 0.5 0.62 ± 0.15
Pb 0.63 ± 0.36 1.5 ± 0.5 7.9 ± 1.5
Zn 42 ± 4 32 ± 3 50 ± 4
CaCl2 (µg.kg
-1
) Meigem (A1) Gavere (A2) LUC (A3)
Cd 38 ± 12 89 ± 4 392 ± 16
Cr 12 ± 3 63 ± 4 2.2 ± 1.4
Cu 257 ± 4 2145 ± 186 89 ± 4
Ni 238 ± 109 194 ± 61 51 ± 10
Pb 18 ± 0 44 ± 20 191 ± 18
Zn 894 ± 39 1597 ± 182 17740 ± 775
Rhizon (µg.l
-1
) Meigem (A1) Gavere (A2) LUC (A3)
Cd 2.4 ± 1.1 19 ± 4 11 ± 2
Cr 3.3 ± 2.3 17 ± 4 1.9 ± 0.5
Cu 70 ± 14 38 ± 11 40 ± 13
Ni 75 ± 34 44 ± 28 22 ± 14
Pb 4.7 ± 8.1 1.9 ± 1.2 12 ± 13
Zn 144 ± 65 114 ± 56 1254 ± 243
Available Na was very high for all three soils. Although the nutritional state was normal 
to very high for all macronutrients in all soils, additional fertilization was applied over 
the course of the growing season to prevent nutrient limiting effects on growth and 
metal uptake. 
 
Metal extraction with the various extraction procedures is presented in Table 5.3. From 
the perspective of soil pollution levels, Cd and Zn are of particular interest. Content of 
Ni and Cu is rather low in all soils, while Pb exhibits slightly elevated levels in A2 and 
A3 and Cr is only of importance in A2.  
 
 
Table 5.3. Extraction levels for Cd, Cr, Cu, Ni, Pb, and Zn with aqua regia (pseudo-
total content), NH4OAc-EDTA, NH4OAc, CaCl2 and Rhizons 
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Although A3 has the lowest total content of Zn, it has the highest observed levels in the 
Rhizon, CaCl2 and NH4OAc extractions. Higher mobility in the soil as reflected by 
extractability with weak extractants may indicate higher relative availability for plant 
uptake. Similarly, A3 had the highest concentrations of Cd in the soil solution and in the 
CaCl2 single extractions whereas it had the lowest total content.  
 
In general, the relative extracted levels in comparison to the pseudo-total content in the 
soil corresponded well with the observations made in Chapter 3. Deviations in 
comparison to relative extractability in similar soil types were observed for NH4OAc 
extractable and NH4OAc-EDTA extractable Ni in A3. This was attributed to the 
extremely low total content of Ni in A3 (4.4 mg.kg-1). In this soil, also NH4OAc 
extractable Pb, as well as CaCl2 extractable Zn and Cd were lower than expected in 
comparison to acidic sandy soils in Chapter 3. For the two sediment derived surface 
soils, metal extractability fell within expectations, with exception of CaCl2 extractable 
Cu. CaCl2 extractable Cu was inexplicably high in A2, when compared to the extraction 
levels with other extractants in this soil, or when compared to CaCl2-extracted Cu in the 
other soils. Cu is regarded as an element with low mobility in the soil because it can 
form complexes with humic substances and especially the phenyl and carboxyl groups 
of the soil matrix (Ali et al., 2004). Arguably, elevated levels of dissolved organic 
substances may induce increased mobility of Cu. Indeed, A2 contains an elevated 
organic matter content (13.2%). To corroborate this hypothesis, dissolved organic 
carbon (DOC) was determined in Rhizon extracted soil solution samples. However, the 
observed DOC concentrations were not of the order to explain this high CaCl2 
extractability (A1 25 ± 4 mg.l-1, A2 42 ± 26 mg.l-1, A3 23 ± 3 mg.l-1). In addition, the 
high observed CaCl2 extractability of Cu was not reflected in increased soil solution 
levels as determined by Rhizon extraction.  
 
3.2. Biomass production 
The screening discussed in this Chapter is aimed to ascertain the affinity of the various 
species and clones for metal uptake to grant us a preliminary insight in their potential 
for phytoextraction applications. To estimate relative differences in performance 
between the various species and the possible effects of the soil treatment on plant 
Chapter 5. Comparative sceening Salix spp. clones 
 171 
growth more accurately, field validation is required. Total dry weight production per 
willow species and soil type was subject to high relative standard deviations. Average 
dry weight production per pot was significantly lower in the A3 sandy soil (4.0 ± 2.4 g) 
when compared to the other two soils (6.9 ± 1.9 g). The lower productivity in A3 can 
either be due to nutritional deficiencies, in spite of fertilization, or due to toxic effects 
induced by higher observed mobility of Cd, Pb and Zn in comparison to the other soils. 
No significant differences were observed between the various species within a given 
soil. Belgisch Rood and Bleu did achieve somewhat lower biomass productions than the 
other three species for all soils under investigation, yet the observed differences were 
never considered to be statistically significant (α = 0.05). The provider of the plant 
material (Salix Devos NV, Eksaarde) reported lower overall productivity for Belgisch 
Rood in comparison with the other species in field scale comparisons under non-
polluted conditions. On the other hand, Vervaeke et al. (2001) reported significantly 
higher biomass production for Belgisch Rood in comparison to Noir de Villaines in 
field experiments with mixed stands on dredged sediments. Vandecasteele et al. (2005) 
observed no significant growth depression for the clones Belgisch Rood and S. viminalis 
Aage over a broad range of pollutant concentrations in the soil (0.9 – 41.4 mg.kg-1 Cd, 
188 – 2,422 mg.kg-1 Zn), indicating high pollution tolerance of Salix spp. A high 
tolerance for Cd and Zn was also observed by Punshon (1996) (Cfr. also Table 2.5., 
Chapter 2, Section, 4.3.1.). 
  
In the evaluation of the effect of EDDS on heavy metal uptake by Loden, no adverse 
effect of the soil treatment was observed on plant vigour or growth when soil treatment 
was applied eight weeks before harvest. 
 
The distribution between dry matter recovered in the foliar material in relation to total 
shoot weight varied substantially between the various clones in the order: Loden (36-
45%) > Christian (20-33%) > Noir de Villaines (20-21%), Belgisch Rood (14-22%), 
Bleu (21%). Numbers between brackets indicate the relative portion of foliar matter 
compared to total dry weight biomass. The relative fraction of foliar material can be of 
significant importance because the leaves tend to accumulate higher concentrations of 
heavy metals (see further). The ratio observed for Loden corresponds well with the 
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observations made in the field experiment, which revealed a relative portion of 38% for 
leaves in comparison to total shoot weight (Chapter 4, Table 4.5.). The ranges for the 
other clones corresponded well with these observed for Tora and Orm in the field 
experiment (24-28%).Weih & Nordh (2002) also reported a high leaf biomass fraction 
for Loden in comparison to 13 other clones tested. 
 
3.3. Plant uptake of heavy metals 
Table 5.4. presents shoot concentrations of Cr, Cu, Ni and Pb. The only soil in which Cr 
was of consequence from the perspective of environmental pollution, was A2. Content 
in the stems of the five clones remained below 2.2 mg.kg-1 on all soils under 
investigation. Foliar levels remained below 10.3 mg.kg-1. These shoot concentrations 
were considered to be insufficient for phytoextraction purposes. Similar conclusions 
concerning the lack of applicability of willows for phytoextraction of Cr have been 
made in the field evaluation (Chapter 4) and by Pulford et al. (2001, 2002).  
 
As can be observed in Table 5.3., Cu content in the soil was rather low for all soils. As a 
consequence, no remarkable Cu accumulation was observed for any of the clones (Table 
5.4.). Stem concentrations varied between 2.1 and 9.8 mg.kg-1, with Loden achieving 
the highest concentrations when cultivated on A2. Foliar concentration varied between 
5.3 and 16.0 mg.kg-1 with Belgisch Rood exhibiting the highest levels on A3. In the 
tested soils no sufficient accumulation of Cu was observed to consider for 
phytoextraction purposes. Ni content in the soil was of little ecological concern in the 
three soils (Table 5.3.) and will not be discussed in detail. Accumulation in the stem 
varied between 0.4 and 1.9 mg.kg-1 and foliar concentrations varied between 0.6 and 3.7 
mg.kg-1.  
 
Total Pb content in the soil was slightly elevated in A2 and A3. Concentrations in the 
stems for the willows grown on A2 varied between 1.7 and 2.9 mg.kg-1, with Belgisch 
Rood and Christian exhibiting the highest concentrations. For the willows grown on A3, 
concentrations varied between 0.9 and 3.9 mg.kg-1 with Loden and Christian exhibiting 
the highest uptake. For A1, the concentrations varied between 0.5 and 2.7 mg.kg-1 with 
Christian and Loden achieving the highest levels. Foliar levels of the willows grown on 
A2 varied between 7.3 and 13.2 mg.kg-1, with Belgisch Rood and Christian having the 
Chapter 5. Comparative sceening Salix spp. clones 
 173 
Stem (mg.kg
-1
)
Clone Soil Cr Cu Ni Pb
Bleu A1 0.93 ± 0.19 4.8 ± 0.3 0.78 ± 0.18 1.2 ± 0.07
Bleu A2 0.62 ± 0.18 3.7 ± 0.9 0.72 ± 0.16 2.0 ± 0.60
Bleu A3 2.2 ± 1.4 5.5 ± 2.4 0.41 ± 0.02 2.1 ± 0.43
Chris A1 0.58 ± 0.04 6.5 ± 0.9 0.80 ± 0.09 2.7 ± 0.54
Chris A2 0.85 ± 0.33 7.2 ± 1.6 0.49 ± 0.40 2.3 ± 1.2
Chris A3 0.69 ± 0.09 8.1 ± 1.9 0.56 ± 0.09 3.9 ± 1.8
Loden A1 1.1 ± 0.11 9.5 ± 3.0 1.3 ± 0.1 2.2 ± 0.5
Loden A2 1.2 ± 0.40 9.8 ± 1.7 0.50 ± 0.40 1.7 ± 0.1
Loden A3 0.80 ± 0.20 8.7 ± 0.0 1.9 ± 1.5 3.4 ± 0.3
Noir A1 0.69 ± 0.08 2.6 ± 1.0 0.32 ± 0.12 0.46 ± 0.34
Noir A2 0.90 ± 0.10 2.1 ± 0.3 0.57 ± 0.10 2.2 ± 0.7
Noir A3 0.76 ± 0.29 2.8 ± 0.9 0.49 ± 0.05 2.6 ± 0.5
Rood A1 1.7 ± 1.4 3.9 ± 1.9 1.1 ± 0.8 1.4 ± 0.8
Rood A2 0.98 ± 0.29 6.7 ± 0.5 1.2 ± 0.3 2.9 ± 0.7
Rood A3 1.1 ± 0.40 3.7 ± 1.0 0.55 ± 0.14 0.89 ± 0.23
Leaves (mg.kg
-1
)
Clone Soil Cr Cu Ni Pb
Bleu A1 4.1 ± 0.6 9.0 ± 1.5 2.5 ± 0.40 12 ± 2
Bleu A2 10 ± 6 10 ± 5 3.7 ± 1.5 7.3 ± 5.4
Bleu A3 6.6 ± 2.8 6.7 ± 5.3 2.0 ± 2.0 3.6 ± 2.6
Chris A1 1.1 ± 0.4 8.2 ± 0.7 2.9 ± 0.3 18 ± 2
Chris A2 0.70 ± 0.10 5.7 ± 1.3 1.3 ± 0.8 12 ± 2
Chris A3 0.86 ± 0.03 12 ± 5 2.7 ± 2.1 12 ± 1
Loden A1 1.5 ± 0.2 8.2 ± 3.2 1.8 ± 0.6 7.1 ± 1.5
Loden A2 1.1 ± 0.9 5.8 ± 3.3 0.80 ± 0.40 7.7 ± 3.3
Loden A3 1.8 ± 1.2 11 ± 2 2.1 ± 0.9 14 ± 2
Noir A1 0.51 ± 0.05 7.1 ± 5.0 3.8 ± 2.7 4.5 ± 2.7
Noir A2 < DL 5.3 ± 0.1 0.60 ± 0.10 8.3 ± 3.0
Noir A3 0.70 ± 0.10 6.1 ± 0.1 1.1 ± 0.5 4.3 ± 3.8
Rood A1 3.0 ± 2.8 9.1 ± 4.7 3.2 ± 1.9 9.6 ± 3.9
Rood A2 1.7 ± 0.9 8.6 ± 1.2 0.88 ± 0.55 13 ± 3
Rood A3 3.4 ± 2.2 16 ± 1 3.0 ± 2.0 13 ± 3
highest levels. For the willows grown on A3, levels varied between 3.6 and 13.5 mg.kg-
1, with Loden and Belgisch Rood having the highest levels. Foliar levels of willows on 
A1 varied between 4.5 and 18.4 mg.kg-1 with Christian and Bleu having the highest 
levels. These shoot concentrations are insufficient to consider for phytoextraction 
purposes. 
 
 
Table 5.4. Cr, Cu, Ni and Pb concentration in stems and leaves of the five willow 
species under study (mg.kg-1); ± indicates standard deviation (n = 3)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chris: Christian, Noir: Noir de Villaines, Rood: Belgisch Rood 
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Fig. 5.1. presents Zn content in stems and leaves of the five species under study. Zn 
levels in the stems varied between 182 and 304 mg.kg-1 in willows grown on A2, with 
Christian and Loden having the highest levels. For the willows grown on A3, the range 
varied between 348 and 608 mg.kg-1 with Christian and Loden achieving the highest 
levels. For A1, Zn content ranged between 83 and 254 mg.kg-1, again with Christian and 
Loden having the highest concentrations. Foliar concentrations in willows grown on A2 
varied between 577 and 1,080 mg.kg-1 with Christian and Belgisch Rood achieving the 
highest concentrations. Willows grown on A3 exhibited foliar concentrations ranging 
between 1,210 and 2,766 mg.kg-1, with Christian and Belgisch Rood achieving the 
highest concentrations. For the willows on A1, foliar levels varied between 250 and 589 
mg.kg-1 with Christian and Loden exhibiting the highest levels. 
 
Two-way anova, using soil type and clone as factors, revealed there was no significant 
interaction between both factors for Zn. This was the case for both the foliar 
concentrations and concentrations in the stem. In other words, the clones behaved 
similarly in regards to Zn accumulation for the three soils. Based on accumulation in 
aerial plant parts, “phytoavailability” of Zn in the various soils under investigation 
decreased in the order: A3 > A2 > A1. The same order was observed for both stems and 
foliar concentrations. Post hoc analysis with Tukey revealed the differences between 
these three soils to be significant for Zn in the stems (α = 0.05). For foliar Zn, the post 
hoc test confirmed that foliar concentration for A3 differs significantly from A1 and A2 
but that the latter two do not differ significantly from each other.  
 
Results of two-way anova for foliar and stem concentrations of Zn suggests that all 
clones behave similarly compared to each other in all three soil types. Of all clones 
under study, Christian accumulated the highest levels of Zn in stem and leaves. Loden 
and Belgisch Rood also exhibited elevated levels whereas Bleu and Noir de Villaines 
had the lowest concentrations. The order of foliar Zn over all three soils, including 
significant differences according to the Tukey post hoc tests (letters between brackets), 
was Bleu (a) < Noir de Villaines (a) < Belgisch Rood (ab) < Loden (ab) < Christian (b). 
Analogous analysis for stem concentrations of Zn revealed the following order and 
significance of the observed differences according to Tukey : Noir de Villaines (a) < 
Bleu (a) < Belgisch Rood (a) < Loden (b) < Christian (b). 
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(B) 
Fig. 5.1. Zn concentration in (A) stems and (B) leaves of the five willow species under 
study (mg.kg-1) (Note: Chris: Christian, Noir: Noir de Villaines, Rood: Belgisch Rood); 
Error flags indicate standard deviation (n = 3) 
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Fig. 5.2. presents Cd content in stems and leaves of the five clones under study. Cd 
uptake by stems of the five clones varied between 16.8 and 39.2 mg.kg-1 when grown 
on A2, between 5.2 and 19.0 mg.kg-1 when grown on A3 and between 3.9 and 16.1 
mg.kg-1 when grown on A1. Lowest accumulation was observed on A1, indicating that 
Cd “phytoavailability” was lowest in this dredged sediment derived surface soil. On A2 
and A3, Cd accumulation was highest in the Belgisch Rood and Loden clones, whereas 
on A1 highest levels were observed in the Christian and Loden clones. 
 
The clones Bleu and Noir de Villaines never excelled in remarkable accumulation of Cd 
in the stem. Foliar Cd concentrations varied between 7.1 – 16.1 mg.kg-1 on A1, 28.4 – 
93.0 mg.kg-1 on A2 and 10.8 – 48.0 mg.kg-1 on A3. Again, the lowest levels for all 
clones were observed for the plants on A1. Foliar content was highest in the Loden and 
Christian clones on A1, in Christian and Belgisch Rood on A2 and in Belgisch Rood 
and Christian on A3. Bleu and Noir de Villaines did not exhibit remarkable 
accumulation of Cd in comparison with the other clones. 
 
Unlike as was observed for Zn, two-way anova indicated a significant interaction 
between soil and clone, both for foliar and stem concentrations of Cd. This implies that 
the five clones behaved differently in comparison to each other on the different soils. 
The aboveground Cd compartmentalization (stem vs. leaves) was affected by both soil 
and clone. On average the ratio foliar:stem concentration declined in the order A3 > A2 
> A1. The average ratio in the clones was: Christian > Bleu > Belgisch Rood > Noir de 
Villaines > Loden. Accumulation of Cd in aerial plant parts  decreased in the order: A2 
> A3 > A1. Tukey post hoc analyse indicated significantly higher foliar accumulation of 
Cd in the order A2 > A3 > A1. Analogously, stem concentrations in A2 were 
significantly higher than in A3 and A1 while the difference between A3 and A1 was not 
considered to be significant. Only the levels in the soil solution, extracted by Rhizons, 
exhibited a similar order. When comparing the difference A2 > A3, A1 all chemical 
extractions except CaCl2 are capable of making a similar distinction. 
 
Two-way anova indicated there was interaction between soil type and Cd accumulation. 
Post hoc analysis within each soil type separately revealed that in soil A1, the foliar  
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(B) 
Fig. 5.2. Cd concentration in (A) stems and (B) leaves of the five willow species under 
study (mg.kg-1) (Note: Chris: Christian, Noir: Noir de Villaines, Rood: Belgisch Rood); 
Error flags indicate standard deviation (n = 3) 
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differences between the five clones were not statistically significant. In A2, the soil with 
highest pool of “phytoavailable” Cd, the order in foliar concentrations was Noir de 
Villaines < Loden < Bleu < Christian < Belgisch Rood. In A3, Loden, Christian and 
Belgisch Rood accumulated significantly more foliar Cd than Bleu and Noir de 
Villaines. For stem accumulation of Cd, post hoc analysis revealed that in soil A1 
Loden accumulated significantly higher levels of Cd in the stem than Noir de Villaines 
and Belgisch Rood, while other differences were not significant. In A2 and A3, 
Christian, Belgisch Rood and Loden all accumulated significantly more than did Bleu. 
 
3.4. Effect of EDDS on heavy metal uptake 
Towards the end of the growing season, pots containing the three soils under study and 
planted with S. dasyclados ‘Loden’ were treated with 7.5 mmol EDDS (2.5 mmol.kg-1) 
to temporarily enhance “phytoavailability” of the heavy metals and therefore stimulate 
their uptake. Fig. 5.3. and Fig. 5.4. exhibit shoot concentration (stem and leaves) with 
and without treatment with EDDS.  
 
Effects of EDDS application were only observed for Ni and Cu in the leaves, and for Cd 
and Zn in stems and leaves. For Ni, the foliar concentrations after EDDS application 
were still insufficient from the perspective of phytoextraction. Two-way anova with soil 
treatment and soil type as factors revealed there to be significant interaction for most of 
these elements. This implies that the effects of EDDS on induced heavy metal uptake 
are soil specific. This can be explained by the fact that chelator effect in the soil 
depends on physico-chemical characteristics such as pH and CEC as well as on 
concentrations of competitive cations such as other trace metals, divalent exchangeable 
bases (Ca, Mg) and more abundant metals such as Al and Fe. 
 
Increases of Cd in both stems and leaves were obtained in A3 and A2, but not in A1. In 
A2, Cd concentrations in stem and leaves reached levels of up to 70 mg.kg-1. Stem 
content increased with a factor 2.0 for soil A2 in comparison to the control; leaf content 
increased with a factor 2.2. EDDS treatment could therefore effectively double the 
annual extracted mass from this soil. For A3 the relative increases after treatment were 
respectively a factor 1.9 for Cd in the stems and a factor 1.3 for foliar concentrations.  
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Fig. 5.3. Concentrations of Cd, Cr and Cu in stems and leaves of S. dasyclados ‘Loden’ 
with (gray bars) or without (white bars) treatment with 7.5 mmol EDDS per pot; 
asterisks indicate significant increases compared to the untreated control (α = 0.05); 
Error flags indicate standard deviation (n = 3) 
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Fig. 5.4. Concentrations of Ni, Pb and Zn in stems and leaves of S. dasyclados ‘Loden’ 
with (gray bars) or without (white bars) treatment with 7.5 mmol EDDS per pot; 
asterisks indicate significant increases compared to the untreated control (α = 0.05); 
Error flags indicate standard deviation (n = 3) 
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Effects of EDDS on Cu uptake were more pronounced in the leaves than in the stems. 
The concentration in the stems increased with a factor 1.4 for all soils. Foliar 
concentrations increased with a factor 2.9 in A1, 4.5 in A2 and 5.0 in A3. In particular, 
the extraction performance in A3 is remarkable: relatively high extraction levels are 
achieved in a soil with low total content.  
 
Zn uptake was only significantly affected in A2, with increases of a factor 2.0 in the 
stems and 2.8 in the leaves. EDDS treatment could therefore effectively double the total 
phytoextracted mass of Zn on this particular soil. Again, no effect was observed in A1 
for this metal, suggesting low “phytoavailability” and capacity for enhanced 
accumulation in this specific soil. 
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4. Discussion 
4.1. Plant uptake of heavy metals 
Uptake of Cr, Cu, Ni and Pb did not vary sufficiently and was not high enough for 
further examination regarding “phytoavailability” of these metals over the three soils 
(Table 5.4.).  
 
The variation in “phytoavailability” for Zn between the three soils was not reflected in 
Zn extracted by the stronger aqua regia, NH4OAc-EDTA or NH4OAc extraction 
procedures (Table 5.3.). However, Zn extractable by the weaker extraction based on the 
dilute salt solution CaCl2 followed the same order as plant concentrations in stem or 
leaves. In the field experiment as well (Chapter 4) significant correlations were 
observed between foliar concentrations of Zn and CaCl2 extracted levels. Zn recovered 
in the soil solution (Rhizon) could distinguish between availability in A3 vs. the other 
soils, yet could not distinguish in availability between A1 and A2. These data suggest 
that in this study CaCl2 and Rhizon extractions provided better measures for Zn 
“phytoavailability” than the more aggressive NH4OAc-EDTA and NH4OAc extractions 
or than the pseudo-total content as estimated by aqua regia digestion. This is also in 
analogy with findings obtained in Chapter 3 for the correlations between shoot 
accumulation of Zn by P. vulgaris and the various single extraction performed on the 
soils. 
 
CaCl2 extractable Zn in A1 (894 ± 39 mg.kg
-1) was of the same order of magnitude as 
extractable Zn in the previous field experiment (S7, 658 ± 51 mg.kg-1) (Chapter 4). 
Foliar concentrations of Zn in Loden in that field experiment were also within the same 
range as levels observed for Loden grown on A1 in the pot screening: 686 ± 80 mg.kg-1 
in the field experiment (Chapter 4, Table 4.6.) compared to 617 ± 366 mg.kg-1 in the pot 
experiment (Fig. 5.1.).  
 
4.2. Comparative screening 
Soil concentrations of Cr, Cu and Ni were low and not considered ecologically relevant 
in relation to legislative criteria. This was also reflected in low shoot accumulation of 
these metals. Because of the lack of difference between shoot concentrations by the 
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various clones in the soils under study, these metals are not discussed in further detail. 
Extraction of Pb from the soils in this study was insufficient to consider for 
phytoremediation purposes (Table 5.4.). However, distinctively different accumulation 
patterns could be observed between the various soils and clones. Best performing clones 
in this regard can be the subject for future research on soils with higher levels of 
“phytoavailable” Pb and/or on soils treated with amendments aimed at increasing 
“phytoavailability” in the rhizosphere.  
 
In the field screening (Chapter 4) S. dasyclados Loden extracted significantly more Zn 
from dredged sediment than S. viminalis Orm and S. schwerinii x S. viminalis Tora. The 
current study further accentuates the importance of Loden. The only clone which 
exhibited a decisively (yet insignificantly) higher uptake of Zn was Christian with 
concentrations in the stem on average 10 ± 3% higher than Loden. Foliar levels in 
Christian were on average 34 ± 38% higher. In a field comparison between Noir de 
Villaines and Belgisch Rood, Vervaeke (2004) observed consistently higher 
accumulation levels for Zn in wood and leaves of Belgisch Rood. This is in agreement 
with respective results from the current screening. If the higher relative portions of 
foliar material versus total shoot weight for Loden and Christian are taken into account 
(cfr. Section 4.1.), then these two clones perform significantly better than the other three 
in regards with overall Zn uptake. 
 
Just as for Zn, three clones (Loden, Christian and Belgisch Rood) could be 
distinguished from the other two in Cd uptake in stems and leaves. Uptake in the stems 
was generally higher for Loden in the three soils than in any of the other species, with 
the exception of Belgisch Rood on A2. Bertholdsson (2002) also reported that out of 90 
tested willow clones, Loden proved to be most promising for application in the 
phytoextraction of Cd. Weih & Nordh (2002) reported a remarkably higher relative 
production of foliar material in comparison to total shoot weight for this particular 
clone. This can be of significance because Cd accumulation in the leaves was generally 
higher in leaves than in the stem (Fig. 5.2.). Loden was also found to extract higher 
amounts of Cd and Zn than S. viminalis Orm and S. schwerinii x S. viminalis Tora in the 
field screening comparing these three species (Chapter 4). In the current study, foliar 
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accumulation of Cd was consistently higher for Belgisch Rood than for Loden with 
concentrations ranging between 1.1 – 2.0 times those in Loden for the three soils. For 
Christian, foliar concentrations were 1.1 and 3.0 times higher than Loden in A3 and A2 
respectively.  
 
The current data are in agreement with findings by Vervaeke (2004) who observed 
consistently higher Cd accumulation by Belgisch Rood than by Noir de Villaines in 
field experiments with willow stands of 1-6 y in age. He observed elevated 
concentrations in both clones, with foliar levels up to 90 mg.kg-1 for both species and 
concentrations in stem and bark of up to 80 and 25 mg.kg-1 respectively. Vandecasteele 
et al. (2005) compared S. fragilis Belgisch Rood to S. viminalis Aage in a pot 
experiment with six different sediment derived soils, covering a broad range of Cd and 
Zn contamination. No significant differences were observed between both clones. Shoot 
accumulation depended strongly on soil content and attained levels of up to 50-70 
mg.kg-1 Cd for stems and leaves. If the higher production of foliar material in Loden 
and Christian, in comparison to the three other clones, are accounted for then three 
clones significantly distinguish themselves from the other two in better performance 
regarding Cd extraction: Loden, Christian and Belgisch Rood. 
 
4.3. Effect of EDDS on heavy metal uptake 
Recently several studies have been conducted on the potential use of soil amendments 
to enhance metal uptake by willow crops. Robinson et al. (2000) investigated the impact 
of the chelating agents EDTA, DTPA and NTA on metal accumulation. Results were 
not encouraging with severe stress symptoms and growth depression being observed. 
Klang-Westin & Perttu (2002) investigated whether increased fertilization could 
increase metal removal. Increases observed in Cd accumulation were small and in most 
cases insignificant. 
 
The current results indicate that treatment with short-lived chelating agent EDDS might 
significantly enhance removal of Cd, Cu and Zn by S. dasyclados. However, the effects 
were found to be very soil specific. This accentuates the need for preliminary pot 
experiments before effective implementation in the field to ascertain the susceptibility 
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for enhanced phytoextraction.  
 
Kos & Lestan (2004) reported that out of four amendments tested (EDTA, DTPA, 
EDDS, citric acid) EDDS was most effective in enhancing Cu accumulation by 
Brassica rapa with increases in shoot accumulation with a factor 3.3 when grown on a 
natural (unspiked) soil with relatively low total Cu content (163 mg.kg-1). Analogously, 
extraction from the slightly acidic soil A3, which only contained 28 mg.kg-1 Cu, 
achieved the highest Cu accumulation in the shoot after EDDS treatment with foliar 
concentration of more than 50 mg.kg-1. 
 
4.4. Implications for phytoextraction 
4.4.1. Heavy metals within foliar material 
Several studies have shown that Salix spp., with S. viminalis and S. dasyclados in 
particular, exhibit the capacity to accumulate high levels of Cd and Zn (Brieger et al., 
1992). This corresponds well with findings in the current study. Only the uptake of Cd 
and Zn by the various willow species appeared acceptable for potential application in 
phytoextraction of the contaminated soils under study. However, the soils only 
contained rather low levels of Ni and Cu, making lack of accumulation inconclusive 
with respect to applicability of willows for these metals. Pulford et al. (2001) evaluated 
the potential of Salix for phytoextraction of Cr on experimental sites with high levels of 
Cr (1,630-1,788 mg.kg-1) and concluded that even at high concentrations of available 
Cr, Salix was incapable of absorbing and translocating Cr in sufficient amounts to 
consider for phytoremediation purposes. In the same study, Zn was demonstrated to be 
freely distributed throughout the tree after uptake. 
 
Concentrations observed in the leaves were generally higher than concentrations in the 
stems for all metals under investigation. Several studies reported that, accumulation of 
heavy metals occurs predominantly in actively growing tissues (Pulford & Watson, 
2003). Riddell-Black (1994) observed foliage concentrations to be greater than stem 
concentrations for four willow species grown on sludge amended soil. Vervaeke (2004) 
also found systematically higher concentrations of heavy metals in leaves than in wood 
for S. fragilis and S. grown on a moderately contaminated dredged sediment derived 
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surface soil. Klang-Westin & Eriksson (2003) estimated that the percentage of foliar 
Cd, expressed as relative fraction of total shoot content, varied between 21-48%. 
Observations in the field (Chapter 4) also reported a high relative importance of heavy 
metals in foliage amounting up to levels of 49% and 62% of total aboveground content 
for Cd and Zn respectively, for willows grown on moderately contaminated dredged 
sediments. This implies that in order to optimize phytoextraction and export of heavy 
metals, foliar material would also have to be removed. This can be performed by 
collecting the foliar material after it has fallen, or by harvesting the willows while they 
are still carrying leaves. However, Sennersby-Forsse et al. (1992) stated that cutting 
willows while actively growing may result in physiological disorders and may severely 
affect resprouting. Stump mortality due to repeated harvests at higher frequency can be 
another cause for decreasing yields (Harrington & DeBell, 1984). Kopp et al. (1997) 
reported significantly lower yields in three years of annual willow harvesting compared 
to the observed production when a three year rotation period is applied.  Furthermore, 
results from research in Sweden suggest that rotation lengths from four to six years 
result in larger annual increments (Willebrand et al., 1993). On the other hand, it can be 
argued that shorter rotation periods could be efficiently employed in more temperate 
regions. Hammer et al. (2003) also reported no negative effects of annual harvesting 
before the start of leaf senescence. They demonstrated that Salix could be clearfelled 
each year prior to leaf fall and still produce an increasing annual biomass. Dickinson & 
Pulford (2004) claim that sufficient evidence has accumulated that raises expectations 
that clean-up of Cd contaminated land can be achieved through cultivation and harvest 
of selected clones of short rotation coppice willow within a realistic crop lifecycle. They 
stated that repeated harvest before leaf fall is a prerequisite for efficient removal of Cd. 
Field quantification of the effects of annual harvest on biomass and heavy metal 
removal therefore require further study in light of optimizing phytoextraction efficiency.   
 
4.4.2. Extrapolating to field-scale performance 
Although extrapolating to field conditions needs to be approached with some caution, it 
is useful to gain insight in the order of magnitude of the expected mass to be extracted 
annually. Uptake of Zn by Loden in pots with A1 was similar to observed 
concentrations in the field experiment conducted on moderately contaminated dredged 
Chapter 5. Comparative sceening Salix spp. clones 
 187 
sediments with comparable levels of CaCl2 extractable Zn. In the field experiment the 
annual extraction of Zn by Loden was estimated at about 8.3 kg.ha-1 from the top soil 
layer (25 cm) (Chapter 4).  
 
In particular on A3, Zn extraction was satisfactory for phytoextraction purposes. Foliar 
concentrations in Christian, Loden and Belgisch Rood ranged between 2,250-2,750 
mg.kg-1, while the soil itself only contained low levels of pseudo-total Zn (275 ± 50 
mg.kg-1). Uptake by Loden in the stems and leaves in pots with A3 was 2.5-4.0 times 
higher than the uptake in the pots with A1. In addition, uptake by Christian on this soil 
was in general a factor 1.1-1.3 higher than by Loden. Based on these relative ratios in 
uptake, an annual extracted mass of Zn by the best achieving accumulator Christian on 
soil A3 might theoretically attain levels in the general order of 14-31 kg.ha-1. This 
would correspond with an estimated average decrease in the soil with 4.0-8.6 mg.kg-1, 
assuming a linear decrease over subsequent years. However, this preliminary projection 
needs to be addressed with some caution and is aimed at ascertaining the general order 
of expected extraction efficiency. Further field validation would be required to ascertain 
more precise mass balance under field conditions and over prolonged periods of time. 
 
Total soil content of Cd in the pot experiment was 2.6-8.1 times higher than the field 
screening described in Chapter 4. Analogously, foliar Cd concentrations in Loden 
grown on A3, A2 and A1 were 2.0-5.5 times higher than in the field experiment. 
Estimated annual decrease of Cd in the top soil layer in the field evaluation was 
estimated at 0.036 mg.kg-1 per year. If the extracted mass in the field would relate in a 
similar manner then the ratios described above, the workable extraction interval for 
three soils would be in the range 0.068 – 0.15 – 0.19 mg.kg-1 for A1, A3 and A2 
respectively. Klang-Westin & Eriksson (2003) estimated an annual Cd removal when 
employing willows for phytoextraction in the range of 5 – 17 g.ha-1. This would imply 
an average decrease with 0.001 – 0.005  mg.kg-1 in the top soil layer (25 cm). Hammer 
et al. (2003) reported removal of 170  g.ha-1 after five years on a calcareous soil and 47 
g.ha-1 after two years on an acidic soil, corresponding with an estimated annual decrease 
of 0.007 – 0.010 mg.kg-1. Vervaeke (2004) reported an estimated decrease in the top 
soil with 3 mg.kg-1 over 41 annual harvests, which would correspond with an annual 
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decrease with 0.07 mg.kg-1 if we assume linear decrease over subsequent years. Again, 
the current preliminary estimation for potential Cd removal based on extrapolation of 
extraction performance in the pot experiments requires field validation to ascertain 
effective annual decrease. 
 
Results indicated that differences in Cd uptake between clones and the effect of EDDS 
treatment were soil-specific. Before phytoremediation is applied in the field, site-
specific screenings, i.e. soil-specific pot experiments may help to select suitable clones 
and may evaluate the effect of EDDS application. It is of particular interest for future 
research to attempt to correlate observed shoot levels in pot experiments and laboratory 
scale “phytoavailability” assessments to observed levels under field conditions. The 
resulting interrelationships will be species and clone dependent. In this manner an 
attempt can be made to project / extrapolate predicted extraction performance in the 
field based on preliminary tests. 
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5. Conclusion 
In this paper, three distinctly different soils were used: a slightly contaminated dredged 
sediment derived surface soil (Meigem; A1), a sediment derived surface soil with 
elevated levels of Cd, Cr and Zn (Gavere; A2) and a sandy soil with moderate 
contamination of Cd (LUC; A3). Only Cd and Zn uptake by the various clones was 
considered sufficient to consider for phytoextraction purposes.  
 
Of the five clones tested, Christian, Loden and Belgisch Rood exhibited the best heavy 
Cd accumulating capacity and deserve further attention in field validation. In addition 
Christian and Loden exhibited the best performance in regards with Zn extraction. A 
multiclonal combination of well-performing clones in this regard is to be preferred over 
the use of monoclonal stands in order to avoid or reduce pathogen or pest induced 
pathological effects.  
 
A first, estimation of the order of magnitude of Cd and Zn that could potentially be 
extracted per year with these clones, resulted in 8-31 kg.ha-1 for Zn and 0.25-0.65  
kg.ha-1 for Cd. This corresponds with reductions in the top soil layer (25 cm) with 2.4 – 
8.6 mg.kg-1 for Zn and 0.07-0.20 mg.kg-1 for Cd, depending on the soil type and 
pollution level. However, adequate field validation is required to ascertain 
phytoextractable levels more precisely.  
 
Treatment with EDDS had distinct differences in induced metal removal between the 
various soils. Uptake of Cd and Zn could not be enhanced in A1, whereas in A2 
removal of these metals was effectively doubled after treatment. In A3, Cd uptake was 
considerably enhanced with a factor in the range of 1.3-1.9 while effects on Zn removal 
were not pronounced. In all soils EDDS treatment also had a distinct effect on Cu 
uptake. The relatively high EDDS enhanced removal from A3, which contains low 
levels of total Cu, might be of particular interest for future phytoextraction prospects.  
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1. Introduction  
1.1. Background 
Recently, interest in using green plants to remove toxic elements from contaminated 
soils has increased. Phytoremediation could be an interesting alternative to the 
conventional remediation techniques. Moderately contaminated soils could be treated 
efficiently by an appropriate phytoremediation technology, whereas conventional 
technologies might be economically infeasible. The technology that removes heavy 
metals from contaminated soils by concentrating metals in harvested shoots is called 
phytoextraction (Salt et al., 1995b; Vangronsveld & Cunningham, 1998).  
 
The discovery of plants capable of accumulating high concentrations of heavy metals in 
their shoots, known as “hyperaccumulators”, formed the basis of the phytoextraction 
technology (Nanda-Kumar et al., 1995). Hyperaccumulators are defined as plants that 
contain more than 100 mg.kg-1 dry weight Cd, 1,000 mg.kg-1 dry weight Co, Cu, Cr, Pb, 
or Ni, or more than 10,000 mg.kg-1 dry weight Mn or Zn (Dahmani-Muller, 2000). 
However, the slow growth rate and the low biomass yield of these hyperaccumulators 
limit the amount of heavy metals that may be extracted from the soil. In order to be 
efficient, the phytoextraction process requires plants with high biomass yield and good 
translocation to the shoots (Cunningham & Ow, 1996). Blaylock & Huang (2000) state 
that successful application of enhanced phytoextraction is possible by using plants 
which have a yield of more than 20 t.ha-1.y-1. The requested dry mass is not a limitation 
as crops like Zea mays or H. annuus are capable of even higher yields (Vassilev et al., 
2004).  
 
In most plant species the long distance translocation of heavy metals from roots to 
shoots is the limiting step (Blaylock & Huang, 2000). Heavy metals are mainly 
accumulated in the roots, followed by stems and leaves (Kastori, 1998). The main 
bottlenecks in the phytoextraction process are (i) the low “bioavailability” of heavy 
metals in soils and (ii) the limited translocation of heavy metals to the shoots by most 
plant species. Soil amendments could be used to increase the solubility, mobility, uptake 
and translocation of heavy metals (Ebbs et al., 1998). Aminopolycarboxylic acids 
(APCAs) are known to significantly increase the mobility of heavy metals in soils 
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(Bucheli-Witschel & Egli, 2001). The most widely used APCA is ethylene diamine 
tetraacetatic acid (EDTA) (Sun et al., 2001). Many authors have reported increased root 
to shoot translocation of heavy metals after application of APCAs (Salt et al., 1995b; 
Huang & Cunningham, 1996; Cunningham & Ow, 1996; Blaylock et al., 1997; Ebbs et 
al., 1998; Epstein et al., 1999; Chen & Cutright, 2001; Lombi et al., 2001; Grcman et 
al., 2001; Jarvis & Leung, 2001; Jiang et al., 2003). Shen et al. (2002) compared EDTA, 
HEDTA, DTPA, NTA and citric acid for Pb solubilization and enhanced uptake by 
Brassica rapa. The order of effectiveness was EDTA > HEDTA > DTPA > NTA > 
citric acid. Huang et al. (1997) reported the effectiveness of a number of chelators in Pb 
desorption from the soil and accumulation in the shoot in the order of: EDTA > HEDTA 
> DTPA > EGTA > EDDHA. These authors also found that EDTA significantly 
increased root to shoot translocation in Z. mays within 24 h after applying an EDTA-
solution to the soil at an application rate of 1 g.kg-1 soil. The presence of Pb in the 
xylem increased 140-fold and net translocation to the shoot 120-fold. These data 
indicate that chelators strongly desorbed Pb from the soil and facilitated both plant 
uptake and translocation. In a similar study, Wu et al. (1999) reported EDTA to be the 
most efficient amendment in increasing water soluble Pb concentrations in the soil, 
capable of inducing increased Pb-uptake by Z. mays.  
 
However, low biodegradability of synthetic chelators could be an important drawback 
(Sýkora et al., 2001; Sillanpää & Pirkanniemi, 2001). The high persistence and strong 
binding affinity of EDTA may cause leaching of heavy metals and macronutrients and 
thereby cause nutrient depletion of the soil and contamination of underlying soil and 
water layers (Wasay et al., 1998; Abruzzese et al., 2001; Lombi et al., 2001; Cooper et 
al., 1999; Barona et al., 2001; Grcman et al. 2001). Inhibition of mycorrhizal infection 
and other soil organisms after application of EDTA was noted by Grcman et al. (2001). 
Research on soil amendments that combine the capacity to mobilize heavy metals and to 
degrade rapidly is necessary. Organic acids are more degradable than synthetic chelators 
and deserve further attention.  
 
Organic acids could be an interesting alternative to the persistent APCAs described 
above. The role of root exudates containing organic acids, acid phosphatases, phenolic 
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substances or phytosiderophores in the plants capacity to acquire essential nutrients 
from sparingly soluble forms in the soil is well established (Khan et al., 2000; 
Poschenrieder & Barcelo, 2002). In root exudates a broad range of acids are 
encountered, such as acetic acid, oxalic acid, tartaric acid, malic acid, citric acid, 
propionic acid and lactic acid. They function as natural chelating agents, capable of 
solubilizing heavy metals from the soil (Wasay et al., 1998). The concentration of 
LMWOAs in the soil solution is usually low (10-7 – 10-6 M; Ström et al., 2001; Ryan et 
al., 2001), but greater amounts are found in the rhizosphere of (some) crop plants (10-4 – 
10-3 M; Ryan et al., 2001). Oxalic, malic and tartaric acid are widely present in 
rhizosphere soil, either derived from lysis of microbial cells or by secretion of cereals 
and solonaceous plants (Pigna et al., 2002). Citric acid was selected as potential 
alternative to EDTA as it combines the ability to degrade rapidly in the soil with the 
ability to complex heavy metals and thus render them more “phytoavailable”. Organic 
acids have the advantage of being easily biodegradable, thereby causing less leaching 
problems than synthetic chelators (Wasay et al., 2001). This, in theory, allows for a 
short-lived metal mobilization over an engineered timespan in which intensive plant 
evapotranspiration can prevent the temporarily mobilized metals from leaching. Huang 
et al. (1997) reported enhanced accumulation of U in shoots of selected plants after 
application of citric acid, demonstrating the potential of this organic acid for enhanced 
phytoextraction. 
 
Research in regards with enhanced phytoextraction by application of soil amendments 
has focused predominantly on EDTA in the past, while not enough attention has been 
paid to potential, more degradable alternatives. In addition, studies examining the 
effects of soil amendments on heavy metal mobility in the soil matrix and the longevity 
of the induced effects are scarce. Finally, moderately contaminated calcareous dredged 
sediment derived surface soils have not been investigated to any large extent from the 
perspective of phytoextraction.  
 
Helianthus annuus has repeatedly demonstrated the ability to assimilate and translocate 
heavy metals (Chen & Cutright, 2001; Davies et al., 2001; Madejon et al., 2003; Turgut 
et al., 2004; Turgut et al., 2005). Dushenkov & Kapulnik (2000) reported that among 
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fast-growing crop plants the capacity to accumulate Pb, based on hydroponic 
experiments, decreased in the order: H. annuus > Brassica juncea > Nicotiana tabacum 
> Lolium perenne > Spinacea oleracea > Z. mays. In addition, H. annuus was found to 
significantly remove Cd, Cr, Cu, Mn and Ni from solution. 
 
1.2. Objectives 
This Chapter aims to evaluate heavy metal mobilization in an oxidized calcareous, 
moderately contaminated soil after application of increasing amounts of EDTA or citric 
acid. This mobilization is evaluated by NH4OAc and saturated paste extractions 
performed over a period of 28 days following soil treatment. In addition, effects on 
plant growth and shoot accumulation are evaluated in H. annuus.  
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2. Material & Methods  
2.1. Soil characteristics 
The soil sampling site was grassland located at Meigem, situated near the city of Ghent, 
Belgium. The grassland was a former disposal site of dredged sediments from the river 
Leie, and has been in an oxidized state for more than 8 years prior to sampling for our 
experiments.  
 
The soil was air-dried, ground and sieved over a 1 mm sieve prior to analysis. To 
determine pH-H2O, 50 ml of deionized water were added to 10 g of air-dried soil (24h). 
Acidity of the supernatant fluid was then measured using a pH-electrode (Model 520A, 
Orion, Boston, MA, USA). Soil conductivity was determined with a WTW LF 537 
electrode (Wissenschafltich-Technischen Werkstäten, Weilheim, Germany) after 
equilibrating in deionized water at a 5:1 liquid:solid ratio for 30 minutes and subsequent 
filtering through a white ribbon filter (white ribbon; Schleicher & Schuell, Dassel, 
Germany). Organic matter content was determined by using the method of Walkley & 
Black (Allison, 1965). The grain size distribution of the soil samples was determined 
using laser diffractometry (Coulter LS200, Miami, FL, USA) with the clay fraction 
defined as the 0-6 µm fraction (Vandecasteele et al., 2002a). This fraction was found to 
correspond with the 0-2 µm fraction using the conventional pipette method. Likewise, 
6-63 µm was used as the silt fraction and 63-2000 µm as the sand fraction.  
 
Field capacity was estimated by allowing 100 ml of water to percolate through 100 g of 
air-dried soil and measuring the volume of the percolate. The difference between the 
volume of the percolate and the initial volume added to the soil was considered to be 
retained within the soil. Cation Exchange Capacity (CEC) of the sediment was 
determined by first saturating the soil matrix with NH4
+, then desorbing the NH4
+ by K+ 
and measuring the quantity of the NH4
+ in the leachate (Van Ranst et al., 1999). Total 
carbonate content present in the sediment was determined by adding a known excess 
quantity of sulphuric acid and back titrating the excess with sodium hydroxide (Van 
Ranst et al., 1999). Total nitrogen and phosphorus were determined according to the 
methods proposed by Van Ranst et al. (1999). Mg was analysed with a flame atomic 
absorption spectrophotometer (FAAS, Varian SpectrAA-10, Varian, Palo Alto) and Na, 
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K, and Ca were analysed with a flame atomic emission spectrophotometer (FAES, 
Eppendorf Elex 6361, Hamburg, Germany). NH4OAc-EDTA extractable P was 
determined colorimetrically by using the method of Scheel (Van Ranst et al., 1999). 
 
Pseudo-total contents of potentially toxic metals (Cd, Cu, Pb and Zn) and exchangeable 
bases (Ca, K, Mg and Na) were determined after aqua regia destruction and filtration 
over a white ribbon filter (white ribbon; Schleicher & Schuell, Dassel, Germany). The 
water soluble fraction of the elements under study was estimated using a saturated paste 
extraction (Van Ranst et al., 1999). An estimate of the exchangeable fraction was 
obtained with single extraction with 1 M NH4OAc (pH 7) at a liquid:solid ratio of 20:1 
and 2 h of equilibration while shaking (Van Ranst et al., 1999). The potentially 
“bioavailable” soil fraction was estimated using single extraction with 0.5 M NH4OAc + 
0.5 M HOAc + 0.02 M EDTA (pH 4.65) at a liquid:solid ratio of 5:1 and 30 min of 
equilibration while shaking (Van Ranst et al., 1999). Heavy metals and Mg were 
measured using Flame Atomic Absorption Spectrometry (F-AAS, Varian SpectrAA-10, 
Varian, Palo Alto, CA, USA) and GF Atomic Absorption Spectrometry with Zeeman 
correction (Varian SpectrAA 800 Varian, Palo Alto, CA, USA). Ca, Na and K were 
measured using a Flame Emission Spectrophotometer (Eppendorf Elex 6361, Hamburg, 
Germany).   
 
2.2. Assessment of buffering capacity 
A range of citric acid concentrations (50, 250, 375, 500, 750, 1000 mmol.kg-1 soil) was 
applied to the soil in order to make an estimate of the amount of citric acid required for 
complete dissolution of the soil carbonates and break down of the soil buffering 
capacity. To this end, 10 g of air dry soil was treated with varying doses of citric acid 
(cfr. supra), dissolved in 50 ml of solution and allowed to equilibrate while shaking for 
48 h. Dissolution of carbonates was fully achieved in treatments characterized by a drop 
in pH below 6.0. The precise point of titration was determined by adding 375, 400, 425, 
450 mmol.kg-1 soil of citric acid. Finally, this experiment was repeated using similar 
doses of nitric acid to ascertain whether a difference could be observed between pH-
decrease caused by nitric or citric acid. 
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2.3. Heavy metal mobility affected by soil amendments 
The effect of EDTA and citric acid on the mobilization of heavy metals in the soil was 
investigated. Increasing amounts of Na-EDTA (0.1, 1 and 10 mmol.kg-1 soil) and citric 
acid (10, 50, 250, 442 and 500 mmol.kg-1 soil) were added to the soil. The citric acid 
dose of 442 mmol.kg-1 soil corresponds with the determined end point of titration as 
determined above. Solutions of either EDTA or citric acid were applied to 1 kg of air 
dry soil using a pipette and thoroughly homogenized. Deionized water was added to 
approximately 2/3 of the field capacity with a pipette (350 ml.kg-1 dry soil). Control 
pots were treated with equal amounts of deionized water. Experiments were performed 
in triplicate. At regular times following soil treatment (1, 7, 14, 21 & 28 days), soil 
analysis was performed to observe evolutions in heavy metal mobility. To this end 250 
g of soil were collected from each pot at each sampling date for single extractions 
(NH4OAc and NH4OAc-EDTA) and saturated paste extraction.  
 
2.4. Phytoextraction experiment 
The effect of amending the contaminated soil with increasing amounts of EDTA or 
citric acid on the phytoextraction efficiency by H. annuus was assessed in a 4 week 
greenhouse experiment. Pots were filled with 1 kg air-dried soil and treated with 
increasing amounts of EDTA (0.1, 1, 3, 5, 7, 10 mmol.kg-1 soil) or citric acid (10, 50, 
250, 442 and 500 mmol.kg-1 soil). EDTA and citric acid were added as a solution after 
which soil moisture content was set at 2/3 field capacity (350 ml.kg-1 soil) and soil was 
thoroughly homogenised. In each pot 15 seeds were sown and the pots were covered 
with a plastic foil for one week to stimulate germination of H. annuus (three pots per 
treatment). Three untreated control pots were included in the experiment in order to 
characterize the effect of amendment application. After germination, plants were 
thinned to three plants per pot and grown for four weeks in a constant dark/light regime 
of 8/16 hours. Ambient temperature varied between 17-25°C, relative humidity between 
30-60 %. Initially pots were placed at random locations in the greenhouse and were then 
rotated daily in order to minimise microclimate effects.  
 
Aboveground biomass was harvested after 28 days. Shoots were cut above the soil 
surface, weighed, dried at 50°C until constant weight was achieved and dry ashed at 
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450°C. Ashed plant material was destroyed with HNO3 at 150°C and filtered over a blue 
ribbon filter (Schleicher & Schuell, Dassel, Germany) (Van Ranst et al., 1999). The 
concentrations of Pb, Zn, Cu, and Cd were analysed on a flame atomic absorption 
spectrophotometer (AAS, Varian SpectrAA-10, Varian, Palo Alto, CA, USA).  
 
In order to compare the effects of postponing soil treatment on plant vigour and biomass 
production, a simultaneous experiment was conducted in which application of 10 
mmol.kg-1 EDTA was postponed to 8 days after germination and spread over 14 
consecutive days as opposed to treatment before sow. Analogously, the effect of post-
germination treatment with a buffered (pH 7.0) NH4 Citrate solution was assessed. This 
treatment was initiated 13 days after germination and spread evenly over 5 consecutive 
days, ultimately resulting in a treatment with 50 and 100 mmol.kg-1 NH4 Citrate 
respectively. Growth conditions were identical as those described above for the pre-sow 
treatment.  
 
2.5. Statistical analysis 
Statistical analysis was performed using the SPSS 10.0 software package (SPSS Inc.). 
Significance of differences between groups was assessed using an independent samples 
t test for comparison of 2 groups and a one-way-ANOVA analysis for comparison of 
more than 2 groups. Homogenous subsets were determined with a Tukey post-hoc test 
(α = 0.05). All treatments were performed in triplicate. The Levene’s test was used to 
ascertain homogeneity of the variances between the various treatments. In case of non-
homogeneity, significance was determined by a non-parametric Dunnet T3 test. To 
estimate treatment effect half-life of cation mobilization by citric acid, an exponential 
decay model was adopted after which the half-life coefficient resulting in the best 
Pearson correlation with the observed values was ascertained using the Excel 9.0 
software package (Microsoft). 
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Physico-chemical soil properties
pH-H2O 7.4 ± 0.01
Conductivity (µS.cm-1) 1209 ± 25
Organic Matter (%) 6.7 ± 0.6
Carbonate Content (% CaCO3) 6.7 ± 0.5
Cation Exchange Capacity (cmol(+).kg-1 soil) 23.6 ± 0.1
Texture
Clay 30 %
Silt 49 %
Sand 21 %
NH4OAc-EDTA extractable nutrient concentration (mg kg
-1 
soil)
Na 93 ± 2
K 536 ± 17
Ca 20046 ± 584
Mg 281 ± 4
P 214 ± 5
Total nutrient concentration (mg kg
-1 
soil)
N 3430 ± 133
P 3197 ± 96
3. Results  
3.1. Soil characteristics 
General soil properties and nutritional state are presented in Table 6.1. Based on the 
NH4OAc-EDTA extraction, the nutritional state was considered ‘Very High’ for Ca, 
Mg, Na, K and P. The elevated carbonate content, common for dredged sediments in 
Flanders, resulted in a soil pH, buffered slightly above neutral. Elevated levels of 
organic matter and clay were reflected in an elevated Cation Exchange Capacity (CEC). 
In general, the high nutritive state of the substrate favours plantbased techniques. 
However, the strongly buffered high pH and the elevated levels of organic matter and 
clay content reduce the “phytoavailability” of heavy metals. 
 
Table 6.1. Soil properties of sediment used in the pot experiments; Intervals indicate 
standard deviation (n = 3) 
 
 
 
 
 
 
 
 
 
 
 
 
Heavy metal content in the soil, as determined with the various extractions, is presented 
in Table 6.2. Legal criteria for total content have been calculated based on VLAREA 
legislation for reuse of the sediment as soil (Vlarea, 1998). These criteria are calculated, 
based on the organic matter and clay content. Total heavy metal concentrations of Cu, 
Zn, Pb and Cd exceeded legal criteria. Although this sediment may not be legally used 
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Aqua Regia digestion (mg kg-1 soil) 154 ± 5 9.5 ± 0.9 1040 ± 47 204 ± 33
NH4OAc-EDTA extraction (mg kg
-1 soil) 75 ± 1 6.8 ± 0.2 469 ± 9 103 ± 3
NH4OAc extraction (mg kg
-1 soil) 4.1 ± 0.3 2.5 ± 0.04 62 ± 2 2 ± 1
Water Paste extraction (µg kg-1 soil) 170 ± 3 4 ± 0.2 150 ± 3 3 ± 2
Legal Criteria (mg kg-1 soil) 147 2.5 506 170
Cu Cd Zn Pb
as a soil substrate, the disposal site is currently in use as grassland. Heavy metal 
mobility was found to be strongly limited, by the relatively high carbonate, organic 
matter and clay content of the soil.  
 
Table 6.2. Heavy metal content of the contaminated soil and legal criteria (adjusted for 
organic matter and clay content, Vlarea 1998); Intervals indicate standard deviations (n 
= 3) 
 
 
 
 
 
 
The substrate can be characterized as moderately polluted, dredged sediment derived 
surface soil. The heavy metal mobility of the substrate under evaluation was strongly 
limited due to elevated levels of clay, carbonates and organic matter. Water soluble 
heavy metal fractions made up 0.14% of total Cu, 0.02% of total Cd, 0.01% of total Zn 
and 0.001% of total Pb in the soil. Only 3% of total Cu and 1% of total Pb were 
NH4OAc extractable, presumably due to strong association to soil organic matter and 
Fe/Mn-oxides. Cd and Zn proved to be more exchangeable, as respectively 26% and 6% 
of these metals could be retrieved in NH4OAc extraction. NH4OAc-EDTA (pH 4.65) 
extractable pools of heavy metals constituted for 49% of total Cu, 72% of total Cd, 45% 
of total Zn and 50% of total Pb. This implies that a relatively large pool of soil heavy 
metals can be mobilized by complexation to soluble organic ligands and acidification. 
The extraction procedure used, commonly applied in soil chemistry, however fails to 
ascertain the total pool of complexable cations. This is because the concentration of the 
extractant (0.02 M) and liquid:solid ratio used (5:1) indicate that a mere 100 mmol.kg-1 
soil of  EDTA was added. The NH4OAc-EDTA (pH 4.65) extraction resulted in the 
release of 655 mmol divalent cations (Σ[Ca, Mg, Cu, Zn, Cd, Pb]). The cation release, 
far above the amount that can be theoretically chelated by EDTA, is largely attributed to 
carbonate dissolution at the low pH of the extractant solution. In theory there may or 
may not be a pool of EDTA-complexable cations still remaining in the soil, yet as the 
ligands added to the soil are already expected to be saturated at the dose applied (100 
mmol.kg-1 soil) there is no way of telling without additional testing. 
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3.2. Assessment of buffering capacity 
Carbonates present in the soil can limit heavy metal mobility and “phytoavailability” 
within the rhizosphere by precipitation of heavy metals as well as by buffering the soil 
pH to neutral - alkaline levels. To ascertain the capacity of the substrate to withstand 
shifts in pH upon application of citric acid, increasing amounts were added to the soil. 
Fig. 6.1. presents the effect of an increasing concentration of citric acid on the soil pH. 
Considerable amounts of citric acid were required to neutralize the soil buffering 
capacity. An amount of 442 mmol.kg-1 soil of citric acid is required for lowering the soil 
pH from 7.5 to below 6.0. This would correspond with 325 tons of citric acid per 
hectare, in order to dissolve soil carbonate content in the top soil layer (25 cm). 
Excessive dosage of this magnitude has, of course, its practical and economic 
limitations. It is of particular interest to this study, to evaluate whether citric acid can be 
effective in mobilizing pools of heavy metals at doses below those required for 
complete carbonate dissolution. Citric acid treatments below 442 mmol.kg-1 soil did not 
lower soil pH below the neutral range of 6.5 – 7.5. Soil treatment with EDTA did not 
affect soil pH significantly when compared to the untreated controls. 
 
 
 
 
 
 
 
 
 
Fig. 6.1. pH batch experiment for determination of soil buffering capacity 
 
 
3.3. Effect of soil amendments on heavy metal mobility 
3.3.1. EDTA treatments 
The effect of EDTA treatments on the soluble heavy metal fractions are shown in Figure 
6.2. The soluble metal concentrations in the untreated controls fluctuated at around 
0.138 ± 0.06 mg.kg-1 soil for Cu, 0.202 ± 0.055 mg.kg-1 soil for Zn, 0.004 ± 0.002 
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mg.kg-1 soil for Cd, and 0.0023 ± 0.0015 mg.kg-1 soil for Pb. Soluble concentrations 
were considerably and significantly increased upon EDTA application: up to 600 fold 
for Cu, 2,600 fold for Zn, 2300 fold for Cd and 20,500 fold for Pb in the highest EDTA 
treatment. The observed increases remained constant in time during the experiment 
period of four weeks for all three levels of EDTA application, with the exception of Pb 
in the pots treated with 10 mmol.kg-1 soil of EDTA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.2. Soluble Cu, Zn, Cd & Pb fractions recovered in the saturated paste extraction  
(mg.kg-1 soil) over a period of 28 days after EDTA treatment with 0.1, 1 & 10  
mmol.kg-1 soil; Flags indicate standard deviation (n = 3) 
 
 
3.3.2. Citric acid treatments 
The effect of citric acid treatments on the soluble heavy metal fractions are shown in 
Figure 6.3. Initial mobilization of Pb and Zn for the citric acid treatment of 500 
mmol.kg-1 soil was in the same vicinity as the EDTA treatment with 10 mmol.kg-1 soil, 
while Cu mobilization was about a factor 2 lower and Cd a factor 3 lower in the 
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treatment with 500 mmol.kg-1 soil of citric acid. Likewise, initial mobilization of Zn and 
Cu in the citric acid treatment of 250 mmol.kg-1 soil, was in the same vicinity as in the 
EDTA treatment of 1 mmol.kg-1 soil, while Cd mobilization was about a factor 3 lower 
and Pb about a factor 4 times higher in the 250 mol.kg-1 soil of citric acid treatment. 
Unlike as was observed for treatments with EDTA, heavy metal mobilization dissipated 
rapidly following treatment with citric acid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.3. Soluble Cu, Zn, Cd & Pb fractions recovered in the saturated paste extraction  
(mg.kg-1 soil) over a period of 28 days after treatment with 0.05, 0.25, 0.442, 0.5 
mmol.kg-1 citric acid; Flags indicate standard deviation (n = 3) 
 
 
To distinguish between these two effects – pH and complexation – a soil treatment with 
nitric acid was performed at a dose resulting in an identical drop in pH (to 6.0) as the 
citric acid treatment of 442 mmol.kg-1 soil. For the exchangeable bases, no increase in 
release was observed for the citric acid compared to the nitric acid treatment, suggesting 
a primary role of carbonate dissolution in the release of these elements following 
treatment with citric acid. The undesirable release of exchangeable bases caused by 
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carbonate dissolution, may subdue plant uptake of the mobilized heavy metals by 
competition for non-specific binding and adsorption on the root surface. For the heavy 
metals distinct and significant differences were observed: saturated paste extracts from 
citric acid treated soils contained 65 times more Cu, 24 times more Pb, 12 times more 
Zn and 4 times more Cd than did the nitric acid treated soils. This suggests that other 
mechanisms than effects on soil acidity or carbonate dissolution are determining 
mobilization of these elements. The affinitiy of complexation of these heavy metals 
with citric acid has been presented in Table 2.6. (Chapter 2). Huang et al. (1998) 
observed similar results for U when citric acid and nitric acid were used to induce an 
equal drop in soil pH. Initial overall extraction efficiency with HNO3 was 0.2% of total 
Cu, 2.2% of total Cd, 1.9% of total Zn and 0.3% of total Pb. For the equivalent citric 
acid treatment, causing the same drop in pH, this was 14% of total Cu, 8% of total Cd, 
24% of total Zn and 8% of total Pb. Increasing the citric acid treatment in excess of the 
buffering capacity to 500 mmol.kg-1 soil, yielded a small increase to 17% of total Cu 
and 28% of total Zn, but a relatively high increase to 17% of total Cd and 15% of total 
Pb. For Cd and Pb this constituted for a doubling in extracted mass while citric acid 
dosage increased with only ± 10%. In any case, extraction efficiency using nitric or 
citric acid remained far below those mentioned for the EDTA treatment of 10 mmol.kg-1 
soil. 
 
3.4. Phytoextraction experiment 
3.4.1. Plant uptake of heavy metals 
Table 6.3. presents shoot levels in H. annuus of heavy metals as affected by soil 
treatments with EDTA or citric acid. Increasing metal content was more pronounced for 
EDTA than for citric acid. Only in citric acid treatments above the dosage required to 
eliminate the soils buffering capacity, a significant increase in metal uptake was 
observed. The most significant increase in shoot metal concentration was noted for Pb. 
The Pb-concentration was 4, 4, 25, 90 and 130 times higher than in untreated control 
plants when the soil was amended with EDTA doses of respectively 0.1, 1, 3, 5 and 7 
mmol.kg-1 soil. 
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Cu Cd Zn Pb
Untreated control 13a ± 3 3.1a ± 0.2 146ab ± 17 0.55a ± 0.09
EDTA (mmol kg
-1
 soil)
0.1 21ab ± 2 3.9a ± 0.3 152ab ± 4 2.1ab ± 0.7
1 20ab ± 3 10.6b ± 0.3 266b ± 33 1.8a ± 0.4
3 66c ± 6 14.7c ± 1.3 589c ± 11 13c ± 2
5 133d ± 10 18d ± 2 1217d ± 95 50d ± 9
7 142d ± 8 17cd ± 2 1169d ± 98 70e ± 5
10 ng ng ng ng
Citric Acid (mmol kg
-1
 soil)
10 15a ± 1 2.9a ± 0.2 129a ± 11 0.64a ± 0.1
50 14a ± 1 2.1b ± 0.2 128a ± 14 1.1a ± 0.4
250 12a ± 1 1.9b ± 0.1 111a ± 21 1.0a ± 0.2
442 28b ± 2 2.0ab ± 0.4 270b ± 45 8ab ± 2
500 25ab ± 3 1.9b ± 0.1 241ab ± 27 12bc ± 4
ng : no growth
Table 6.3. Shoot heavy metal concentrations (mg.kg-1 dry weight) at different 
amendment applications; Significant subsets derived from one-way anova analysis are 
denoted by small letters; Intervals indicate standard deviations (n = 3) 
 
 
 
 
 
 
 
Shoot Cu, Cd, and Zn concentrations exhibited a smaller increase with increasing doses 
of EDTA, and were respectively 10, 6, and 8 times higher than in untreated control 
plants at the highest amendment dose of 7 mmol.kg-1 soil. Chen & Cutright (2001) 
noted a comparable doubling of shoot Cd concentration in H. annuus after amending the 
contaminated soil with an EDTA dose of 1 g.kg-1 soil.  
When citric acid was added to the soil, the concentration of Cu, Cd and Zn in the shoots 
of H. annuus did not increase in the same order of magnitude as was observed for 
EDTA. The observed increases, if present, were mostly statistically insignificant. 
Treatments that did not exceed the buffering capacity of the soil (< 442 mmol.kg-1 soil) 
did not increase the concentration of Cu and Zn in the shoots of H. annuus. A doubling 
of shoot Cu and Zn concentration could be noted at citric acid doses above 442 
mmol.kg-1 soil. A small but significant decrease in shoot Cd concentration was noted at 
doses above 50 mmol.kg-1 soil, a result questioning the effectiveness of citric acid when 
remediation of Cd-contaminated soils is considered. The most remarkable increase in 
shoot metal concentration was noted for Pb. Treating the sediment with citric acid doses 
of 442 and 500 mmol.kg-1 soil, lead to a 15 to 20-fold significant increase in shoot Pb 
concentration compared to untreated control plants. The lower observed effect in 
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comparison to EDTA-treated soils may be due to rapid degradation of citric acid in the 
soil.  
3.4.2. Biomass production  
Fig. 6.4. presents observed depressions in plant growth in the pots treated with soil 
amendments. Increasing amounts of EDTA and citric acid caused serious growth 
depression of H. annuus. Severe growth depressions of more than 80% could be noted 
from a dose of EDTA of 3 mmol.kg-1 soil onward, with complete death of plants at the 
highest dose of 10 mmol.kg-1 soil. Citric acid caused severe growth depressions of more 
than 80% from a citric acid dose of 50 mmol.kg-1 soil onward. Severe growth 
depression of H. annuus was also noted by Chen & Cutright (2001) when contaminated 
soil was treated with EDTA or HEDTA. 
 
A significant negative correlation (r = -0.933) between EDTA concentration and dry 
weight production of H. annuus was noted. Pre-sow soil treatment with either EDTA or 
citric acid resulted in significant growth depression in comparison to the untreated 
controls. Serious growth depression was thought to be induced by heavy metal stress. 
The latter is supported by the significant negative correlation between dry weight 
production of H. annuus and shoot heavy metal concentrations for all heavy metals.  
 
The observed growth depression when postponing EDTA treatment (10 mmol.kg-1 ) to 8 
days after germination was 54% in comparison to the untreated control, while pre-sow 
treatment with equal dosage of EDTA failed to induce plant germination altogether. 
NH4 Citrate applications after germination, corresponding with doses of 50 – 100 
mmol.kg-1 applied in a buffered (pH 7.0) solution, did not result in growth depression 
whereas similar treatment before sow resulted in 84-85% growth depression in 
comparison to the untreated controls. This strongly indicates a positive effect of 
postponing the soil treatment on plant vigour and biomass production. The effects of 
pre-harvest treatment with EDTA and NH4 Citrate on plant uptake of heavy metals by 
H. annuus are discussed in further detail in subsequent experiments (Chapter 7, 8). 
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B            C 
 
 
Fig. 6.4. Observed effect of soil treatment on plant vigour and growth A Aboveground 
biomass production (mg DW plant-1) of H. annuus at different amendment applications ; 
Percentage value indicate relative growth depression in comparison to untreated control 
(control = white bar); Flags indicate standard deviation (n = 3); B Observed plant 
growth after 28 days in untreated plants (Blanc) in comparison to soils treated with 1, 3, 
5 or 7 mmol.kg-1 EDTA (pre-sow treatment); C Observed plant growth after 28 days in 
untreated plants (Blanc) in comparison to soils treated with 10, 50, 250, 442 or 500 
mmol.kg-1 citric acid (pre-sow treatment) 
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4. Discussion 
4.1. Effect of soil amendments on heavy metal mobility 
4.1.1. EDTA treatments 
Substantial and significant increases were observed in mobility of Ca, Cd, Cu, Pb and 
Zn, yet not of Mg, following soil treatment with EDTA (Fig 6.2.). Substantial increases 
in water soluble Pb was also observed by Huang & Cunningham (1996), Wu et al. 
(1999), Blaylock & Huang (2000) and Barona et al. (2001) following application of 
EDTA. 
 
The apparent decrease of soluble Pb over time observed in Fig. 6.2. was attributed to a 
shift in the EDTA complexation patterns rather than degradation of the chelator itself. 
To substantiate this hypothesis, the mobilization patterns were examined. The total 
amount of mobilized divalent cations following EDTA application can be defined as the 
difference between cations (Ca, Mg, Cu, Zn, Cd, Pb) recovered in the saturated paste 
extracts of soils treated with EDTA as opposed to the untreated control (Fig. 6.5.). It 
should be noted that EDTA is also able to make strong complexes with other elements 
such as Fe. However, this study was limited to the mobilization of exchangeable bases 
and heavy metals. If the total amount of mobilized divalent cations in the soil solution 
remains constant over time, then the ligand can be thought to withstand biodegradation 
over the evaluated period.  
 
 
 
 
 
 
 
 
 
 
Fig. 6.5. Evolution of divalent cations (Ca, Mg, Cu, Zn, Cd, Pb; mmol.kg-1 soil) present 
in the saturated paste extracts, mobilized by treatment with 1 or 10 mmol.kg-1 EDTA; 
Flags indicate standard deviation (n = 3) 
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The constant pattern for the various EDTA treatments (Fig. 6.5.) suggests a persistent 
activity of the chelator for the observed period. High recalcitrance of EDTA in the 
environment has been well established in literature (Schowanek et al., 1997; Sykora et 
al., 2001; Bucheli-Witschel & Egli, 2001). Wu et al. (2004) on the other hand observed 
a decrease in both DOC and soluble heavy metal concentrations over a 3-4 week period 
following EDTA treatment (3 mmol.kg-1). These findings could not be corroborated in 
the current experiment. 
 
In the EDTA treatment with 10 mmol.kg-1 soil, about 39% of the mobilized divalent 
cations were estimated to consist of Ca and Mg. This suggests that soils high in 
complexable Ca and Mg could diminish heavy metal mobilizing effects of EDTA. Ca 
and Zn appeared to be the most important cations in respect to EDTA mobilization: on 
average Zn accounted for 52% of the mobilized divalent cations, Ca for 37%. In waste 
water and receiving waterways, Ca, Zn and Cu are suggested to be the dominating 
EDTA species (Xue & Sigg, 1994). The actual distribution in the soil is thought to be 
soil specific and will depend on the abundance of the various cations competing for 
complexation. Wasay et al. (1998) argued that using EDTA for removal of heavy metals 
from soils result in loss of macronutrients aswell by leaching. They state that the use of 
organic acids and/or their salts can be used as a more environmentally friendly 
alternative. 
 
The ligand effect (LE) can be defined as the mmolar amount of heavy metals and 
divalent exchangeable bases mobilized into the soil solution per mmol.kg-1 of ligand 
added to the soil. For the current dataset, this results in 1.25 ± 0.20 and 1.03 ± 0.03 
mmol mobilized divalent cations per mmol EDTA, for soils treated with an EDTA dose 
of 1 and 10 mmol.kg-1 soil respectively. These values, however, were not found to be 
significantly different and the ligand effect was therefore considered to be independent 
of the applied EDTA dose over the examined range. Taking only heavy metals into 
account, an increase of 0.6 – 0.9 mmol was observed in the saturated paste extract per 
mmol EDTA added to the soil distributed. Of the total amount of heavy metals 
mobilized by EDTA, 0.3-2.0% were Pb, 0.7-1.2% Cd, 6.6-10.7% Cu and 87-92% Zn. 
Initial overall metal extractability (saturated paste extraction) after treatment with 10 
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mmol.kg-1 EDTA was 54% of total Cd, 26% of total Cu, 17% of total Pb and 31% of 
total Zn.  
 
To evaluate any possible effects of EDTA chelation on the exchangeable pool of heavy 
metals and exchangeable bases, a distinction was made between the exchangeable 
cations (soluble + adsorbed) and the effectively adsorbed cations. This distinction was 
made by comparing the 1 M NH4OAc extractable (exchangeable) levels of heavy metals 
with those recovered in the saturated paste extractions (soluble). The adsorbed pool of 
heavy metals was operationally defined as the difference between these two extractions 
(Fig. 6.6.). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.6. Adsorbed heavy metal concentrations (mg.kg-1 soil), operationally defined as 
the difference between 1 M NH4OAc and water extractable levels, affected by EDTA 
treatment (0.1, 1, 10 mmol.kg-1 soil), observed at various times after application (1, 7, 
14, 28 days) 
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The amount of adsorbed Zn, Cd and Cu decreased as the applied dose of EDTA 
increased (Fig. 6.6.). These decreases were accompanied by equivalent increases in the 
soil solution and were attributed to metal mobilization by (i) complexation by EDTA, 
and to a lesser extent, (ii) cation exchange with Na. The relative importance of both 
these mechanisms was not assessed in this study, yet it is conceivable that the counter 
ion of the EDTA salt can play an additional mobilizing role. A complete depletion of 
the adsorbed pool was observed for Cu and Zn at the highest dose of EDTA.  
 
Initial decrease in adsorbed Cd was replenished over time and reached original levels 
for all treatments after 28 days. Pb exhibited a different response in regards to 
adsorption: adsorbed Pb increased with increasing dose of applied EDTA. Furthermore, 
adsorbed Pb increased as time progressed. This increase in adsorbed Pb over time may 
help to explain why in Fig. 6.2. a decrease for soluble Pb was observed. The underlying 
principles of the redistribution of Pb from soluble to adsorbed fractions, in contrast with 
effects observed for the other elements, are yet unclear. It is possible that the new 
dynamic equilibrium is the result of competition between EDTA-driven solubilization 
and adsorption to the soil matrix in which Pb may have higher affinity to re-adsorb than 
the other elements which therefore are more selectively kept into solution. 
 
4.1.2. Citric acid treatments 
In Fig. 6.7., the total mobilized heavy metals and divalent exchangeable bases are 
presented, expressed as mmol.kg-1 soil, calculated analogously as for EDTA (cfr. supra). 
The total mobilized sum of divalent cations was higher than this observed for EDTA-
treatment, due to a substantial release of Mg and Ca by carbonate dissolution. Wasay et 
al. (1998, 2001) considered the efficiency of citric acid equal to that of EDTA for 
extraction of metals in column experiments. Unlike the EDTA treatments, a significant 
and rapid decrease in the mobilization of all elements was observed. Krishnamurti et al. 
(1997) also observed short-lived mobilization due to rapid mineralization of organic 
acid. Wu et al. (2003) found that at a dose of 3 mmol.kg-1, citric acid had no significant 
effect on solubility of Cu, Zn or Pb in a spiked soil, although soil solution Cd was 
significantly increased. 
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Control levels of total divalent cations observed in the saturated past extracts of 
untreated soils varied between 2.4 – 6.8 mmol.kg-1 over the duration of the experiment. 
In comparison, the observed levels in the saturated paste extraction for the highest citric 
acid treatment after 28 days was 8.2 ± 1.7 mmol.kg-1.  
 
Soil amendments for phytoextraction purposes should be sufficiently short-lived to be 
able to engineer temporary mobilization of heavy metals into a “phytoavailable” form. 
Persistent mobilization after crop removal is undesirable as soil evaporation may prove 
insufficient to compensate for climatic precipitation, thus resulting in enhanced risks of 
leaching. In most temperate regions, plant evapotranspiration during the growing season 
surpasses climatic precipitation, allowing for temporary mobilization within this time 
frame without added risks for leaching. Once the plants are harvested, there is no longer 
a control on the downward leaching of chelated elements. An additional safeguard could 
be the use of post-harvest cover crops. Potential cover crops could be winter hard 
Brassicaceae which already exhibit higher affinity for metal extraction. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.7. Evolution of divalent cations (Ca, Mg, Cu, Zn, Cd, Pb; mmol.kg-1 soil) present 
in the saturated paste extracts, mobilized by treatment with 250 – 500 mmol.kg-1 citric 
acid; Flags indicate standard deviation (n = 3) 
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To be able to model and predict temporary effects of soil amendments, effect half-life 
(t1/2) is an important parameter. For the citric acid treatments, t1/2 of cation mobilization 
was estimated using regression analysis according to the following degradation model 
(Eq. 6.1.).  
 
  Ct = C0 . e 
– k.t      (Eq. 6.1.) 
 
With  Ct = Soluble amount at time t (mmol.kg
-1 soil) 
   C0 = Initial soluble amount following treatment (mmol.kg
-1) 
   t = Time elapsed since soil amendment application (d) 
   k = Mobilization decrease constant 
 
To calculate the k-levels, the equation was first log-transformed into equation 7.2. 
Subsequent linear regression allows ascertaining the k-values for each treatment. 
Finally, based on the k-values the corresponding observed effect half-life (t1/2) can be 
calculated.  
 
ln (Ct) – ln (C0) = - k t     (Eq. 6.2.) 
 
This resulted in t1/2 = 4.0 days for soils treated with 250 mmol.kg
-1 soil of citric acid, t1/2 
= 5.7 days for soils treated with 442 mmol.kg-1 soil of citric acid and for t1/2 = 14.4 days 
for soils treated with 500 mol.kg-1 soil of citric acid. Mobilization in the lower citric 
acid treatments (10 mmol.kg-1 soil and 50 mmol.kg-1 soil) was reduced to initial 
background values within 7 days. The higher half-lives observed for higher doses could 
possibly be explained by slightly higher toxicity of mobilized metals to microbial life. 
Another possibility could be a higher degree of carbonate dissolution at higher citric 
acid application, resulting in slower re-precipitation of mobilized metals. Ström et al. 
(2001) reported that 30% of citrate applied to a calcareous soil was effectively 
mineralized within 24 h after application. Jones et al. (1996) estimated half-lives for 
organic acids in the soil to be situated in the range of 0.5 – 6 h.   
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If we omit Ca and Mg from these calculations and only take heavy metals into 
consideration, the calculated effect half-lives are 1.5 days after treatment with 250 
mmol.kg-1 soil of citric acid, 2.6 days after treatment with 425 mmol.kg-1 soil of citric 
acid and 5.8 days after treatment with 500 mmol.kg-1 soil of citric acid. 
 
The ligand effect (LE) of citric acid is a good measure for estimating initial cation 
mobilization. LE was estimated after an equilibration period of 24h following soil 
treatment. Observed LE was substantially lower than that observed for EDTA: values 
ranged from 0.1-0.2 mmol divalent cations per mmol citric acid applied. Taking into 
account all citric acid treatments ≥ 250 mmol.kg-1 soil and all sampling times, about 97 
± 2 % of the observed increase in soluble divalent cations were made up of Ca and Mg. 
An important proportion of released cations was considered to be caused by carbonate 
dissolution, rather than the chelating effect of the citric acid molecule itself.  
 
For all heavy metals under study and for all soil treatments used, the NH4OAc-EDTA 
extractable metal concentrations remained constant over time (0-28 days). Furthermore, 
the NH4OAc-EDTA extractable fraction of heavy metals did not vary significantly 
between the various citric acid (50 – 500 mmol.kg-1 soil) or EDTA-treatments (0.1 – 1 
mmol.kg-1 soil). It is therefore conceived, that the NH4OAc-EDTA extractant is too 
strong to be considered as a good measure for actual, short term “bioavailable” pools of 
heavy metals in the soil. It should rather be interpreted as a measure for a pool of 
potentially “bioavailable” metals in the soil.  
 
4.2. Phytoextraction experiment 
Significant increases in water extractable metal concentrations after application of 
EDTA and citric acid were observed (Fig. 6.2., Fig. 6.3.). Water extractable metal 
concentrations are thought to represent the soluble metal concentrations to which plants 
are most susceptible. Water extractable Cd and Zn concentrations in the soil indeed 
show a significant positive correlation with the Cd and Zn concentrations in the shoots 
of H. annuus. For Cu and Pb, this correlation between water extractable and shoot 
concentrations was not found to be significant.  
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Chen & Cutright (2001) reported an increase in Cd uptake by H. annuus from 34 to 115 
mg.kg-1 after EDTA treatment at a rate of 0.5 g.kg-1 (~ 2 mmol.kg-1). These levels are 
substantially higher than those observed in the current study (Table 6.3.). However, 
their experiment was conducted in an acidic soil, spiked with a heavy metal containing 
solution: 50 mg.kg-1 Cd was added as CdCl2 and allowed to incubate for 10 days. 
Arguably, this results in addition of Cd in highly “phytoavailable” form which may lead 
to overestimations of actual effects under actual field conditions. Turgut et al. (2005) 
also employed spiked soils (30 mg.kg-1 Cd) obtained in a similar manner as Chen & 
Cutright (2001) and observed that shoot accumulation of Cd in H. annuus increased 
from approximately 25 mg.kg-1 in control soils to 100 – 150 mg.kg-1 in soils treated 
with 0.1 g.kg-1 EDTA. In addition, Turgut et al. (2004) compared citric acid with EDTA 
for enhanced accumulation of Cd in H. annuus grown on the same spiked soils as 
described in Turgut et al. (2005). Citric acid failed to significantly increase Cd 
accumulation at the applied levels (1-3 g.kg-1; ~ 5-15 mmol.kg-1). Wu et al. (2004) 
compared the effect of EDTA, oxalic acid, citric acid and malic acid at a dose of 3 
mmol.kg-1 in a spiked soil on the uptake by Brassica juncea and found that the organic 
acids had no effect on uptake of Cu, Zn, Pb or Cd while increases with EDTA were 
insufficient to consider for efficient phytoextraction. Analogously, Meers et al. (2004) 
observed no significant increase in metal uptake by Z. mays from a moderately 
contaminated calcareous soil after soil treatment with 2 mmol.kg-1 citric acid, ascorbic 
acid, salicylic acid, oxalic acid or NH4 acetate. Chen et al. (2003) reported that citric 
acid even decreased Pb uptake by radish and suggested that it played a role in the 
alleviation of metal related stress. Finally, Kos & Lestan (2004) compared EDTA, citric 
acid, DTPA and EDDS for enhancing Cu uptake in Brassica rapa and found that only 
citric acid failed to increase shoot accumulation. 
 
In analogy with our findings, Chen & Cutright (2001) observed severe growth 
depressions of 50-75% when transferring two week old seedlings into spiked and EDTA 
treated soils. When postponing soil treatment (31 d), Shen et al. (2002) observed still 
significant yet lower depressions in growth (< 20%) for cabbage grown on Pb 
contaminated mine tailings. Pb uptake by wheat, cabbage and mung bean increased 
from 80, 126 and 127 mg.kg-1 to respectively 2,650 mg.kg-1, 5,010 mg.kg-1 and 1,170 
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mg.kg-1 following treatment with 3 mmol.kg-1 EDTA. Extraction levels of Pb were 
substantially above those observed in this study. Lasat (2000) proposed to postpone soil 
treatment with mobilizing agents, such as EDTA, to shortly before harvest to avoid 
growth depressions caused by chelator induced heavy metal stress. In a simultaneous 
experiment in which soil treatment was postponed, this hypothesis was confirmed. 
When 10 mmol.kg-1 EDTA was applied to the soil starting 8 days after germination and 
with the treatment evenly spread over 14 subsequent days, the observed growth 
depression was limited to 54% whereas the plants failed to germinate altogether in pots 
treated before sowing. Analogously, when applying a buffered 50 – 100 mmol.kg-1 NH4 
Citrate solution (pH 7.0) 8 days after germination, no significant growth depression was 
observed in comparison to the untreated control, whereas pre-sow treatment resulted in 
84-85% depression in growth. The effectiveness of pre-harvest rather than pre-sow 
treatments with several soil amendments, including EDTA and NH4 Citrate, are 
discussed in Chapter 7 and 8. 
 
The total phytoextracted mass of heavy metals can be calculated as the product of the 
metal concentration in the shoot and the dry weight yield of the plant. Although 
increasing doses of EDTA resulted in increasing shoot metal concentrations, the actual 
amount of extracted metals decreased due to serious growth depression at high EDTA 
concentrations (Fig. 6.8.). Chen & Cutright (2001) also noted that EDTA and HEDTA 
caused an increase in Cd, Cr and Ni concentrations in the shoots, but a decrease in the 
total phytoextracted mass of metals due to severe growth depressions. The dose of 
EDTA that lead to the maximum extracted levels of the metals under study can be 
derived from Fig. 6.8. At a dose of 1 and 5 mmol.kg-1, the extracted mass of Cd and Pb 
was respectively 2.5 and 9 times higher than in the control. The latter results raise 
questions about the effectiveness of EDTA application in enhanced phytoextraction for 
the type of soil used in this experiment. 
 
A decrease in the phytoextracted mass of Cu, Cd and Zn by H. annuus was also noted 
when the soil was treated with increasing amounts of citric acid. A significant decrease 
could already be detected at a low citric acid dose of 50 mmol.kg-1. The phytoextracted 
mass of Pb was not significantly different from the untreated controls. These results 
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indicate that citric acid was not effective as an amendment to enhance the extraction of 
Cu, Cd and Zn by H. annuus from a calcareous soil. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.8. Phytoextracted mass of heavy metals (µg per plant) at different amendment 
concentrations; Significant subsets according post-hoc tests are denoted by small letter; 
Flags indicate standard deviation (n = 3) 
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5. Conclusion 
Soil solution levels of mobilized heavy metals and exchangeable bases did not decrease 
over a period of 28 days after EDTA application, attributed to the high environmental 
persistence of EDTA. The use of non degradable soil amendments such as EDTA seems 
ill-advised in respect with additional environmental risks such as leaching.  
 
Mobilization by citric acid exhibited an exponential decrease (R2 > 0.99) with an 
observed treatment effect half-life of 1.5-5.7 days. However, the doses required for 
carbonate dissolution appear impractical for the soil under study (442 mmol.kg-1, 300 
t.ha-1). According to our results, citric acid does not appear to be an efficient 
amendment if phytoextraction of heavy metals is considered from highly buffered 
calcareous soils by H. annuus. However, the use of degradable substances for temporary 
enhanced mobility and “phytoavailability” of heavy metals in the rhizosphere, as 
opposed to permanent mobilization by using persistent amendments deserves further 
research both at the level of soil chemistry and plant uptake. 
 
Increasing amounts of EDTA and citric acid caused strong mobilization of heavy 
metals, which was also reflected in increased shoot metal concentrations. Induced 
hyperaccumulation such as reported in literature upon treatment with EDTA, was not 
observed in the current experiments. Furthermore, severe growth depression was 
observed upon soil treatment limiting the actual mass of phytoextracted metals. Effects 
on biomass production can be limited by delaying soil treatment to pre-harvest rather 
than pre-sow conditions. Specific research is required to ascertain the ideal time of 
application to avoid growth depressions of the phytoremediation crop, as well as 
amendment induced post harvest mobility of heavy metals.  
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7. 
Comparison of EDTA and EDDS for Induced Uptake of 
Heavy Metals by Helianthus annuus 
 
 
 
 
 
 
 
 
 
 
 
Meers, E., Samson, D., Hopgood, M., Ruttens, A. & Tack, F.M.G. (2005). Comparison of EDTA and 
EDDS as Potential Soil Amendments for Enhanced Phytoextraction of Heavy Metals. Chemosphere, 58, 
1011-1022. 
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1. Introduction 
1.1. Background 
Enhanced phytoextraction implies the induction of shoot metal accumulation in plant 
species with high annual biomass yield. A number of soil amendments have been 
proposed to render trace metals in the soil more “phytoavailable”, among which 
ethylene diamine tetra acetic acid (EDTA) has taken a predominant place. However, its 
high environmental persistence cautions against its use for phytoremediation purposes. 
In Chapter 6, the potential of the readily degradable alternative citric acid was 
evaluated. However, induced effects in respect with shoot accumulation of heavy metals 
were not satisfactory to consider citric acid as an alternative for EDTA in calcareous 
substrates. In the current Chapter, the potential of the biodegradable, naturally occurring 
chelator ethylene diamine dissucinate (EDDS) for induced uptake by Helianthus annuus 
is compared with EDTA.  
 
EDDS is a naturally occurring chelator (Nishikiori et al., 1984; Goodfellow et al., 
1996). Schowanek et al. (1997) described a high degree of biodegradability for EDDS, 
with an observed half-life of 2.5 days in a soil experiment. The metal chelating ability, 
accompanied with the short activity timespan in the soil due to rapid biodegradation, 
make EDDS suited to consider as soil amendment for enhanced phytoextraction 
purposes. Because we concluded in Chapter 6 that pre-sow treatment caused too severe 
depressions in plant growth, soil treatments for the current evaluation were delayed to 
pre-harvest application. In addition, potential induced uptake by citric acid has been also 
included in this evaluation to validate previous findings obtained in Chapter 6 in a pre-
harvest rather than pre-sow application. Treatments with nitriloacetate (NTA) have been 
included as well for comparative purposes. 
 
1.2. Objectives 
This Chapter aims to evaluate heavy metal mobilization in an oxidized calcareous 
dredged sediment by EDTA or EDDS. The evolution of heavy metals in the soil 
solution is assessed over a period of 6 weeks following soil treatment. In addition, 
effects on plant growth and shoot accumulation of heavy metals are evaluated in H. 
annuus. In line with the rest of the current research, particular attention was paid to Cd 
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and Zn. Due to the ability of EDDS to specifically mobilize and induce plant uptake of 
Ni and Cu (Chapter 5), these metals have been added to the current experimental setup. 
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2. Material & Methods 
2.1. Soil characteristics 
The soil substrate used in our experiments was a dredged sediment derived surface soil, 
which had been in an oxidised state for several years prior to sample collection. The 
sediment was collected at the dredged sediment disposal site at Meigem (Belgium), 
currently in use as (non-agricultural) grassland. Due to the general state of pollution in 
Western European waterways, sediments dredged from these waterways contain 
elevated levels of organic and inorganic pollutants.   
 
All soil samples were analysed in triplicate for general soil properties and total metal 
content. Soil conductivity was measured using a WTW LF 537 electrode 
(Wissenschafltich Technischen Werkstäten, Weilheim, Germany) after equilibration for 
30 min in deionized water at a 5:1 liquid:solid ratio and subsequent filtering (white 
ribbon; Schleicher & Schuell, Dassel, Germany). To determine pH-H2O, 10 g of air-
dried soil was allowed to equilibrate in 50 ml of deionized water for 24 h. For pH-KCl, 
50 ml of 1 M KCl was added to 10 g of air-dried soil and allowed to equilibrate for 10 
minutes. The pH of the mixture was then measured using a pH glass electrode (Model 
520A, Orion, Boston, MA, USA), calibrated using pH 4.0 and pH 7.0 standards. Total 
carbonate content present in the sediment was determined by adding a known excess 
quantity of sulphuric acid and back-titrating the excess with sodium hydroxide (Van 
Ranst et al., 1999). Organic matter was determined using the method described by 
Walkley & Black (Allison, 1965). The grain size distribution of the soil samples was 
determined using laser diffractometry (Coulter LS200, Miami, FL, USA) 
(Vandecasteele et al., 2002a). The Cation Exchange Capacity (CEC) of the sediment 
was determined by first saturating the soil matrix with NH4
+, then desorbing the NH4
+ 
by K+ and measuring the quantity of the NH4
+ in the leachate (Van Ranst et al., 1999). 
Ammonia nitrogen was determined by adding 3 g of MgO to 20 ml of sample and 
subsequent distillation using a Kjeltec 1002 Distilling Unit (Foss, Höganäs, Sweden). 
The distillate was captured in a 250 ml erlenmeyer containing 20 ml of 0.3 M boric 
acid. Finally, the captured ammonia was titrated with 0.01 M HCl in the presence of a 
methyl red and bromocresol green mixed indicator. Field capacity was determined by 
adding an excess of water to 400 g of dry weight soil. The pots were assumed to be at 
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field capacity when formation of further droplets at the bottom of the pot after free 
percolation has fully ended. The pots were then re-weighed and field capacity estimated. 
Soil metal content was determined after aqua regia digestion (Van Ranst et al., 1999). 
Analysis was subsequently performed, using inductively coupled plasma – optical 
emission spectrometry (ICP-OES; Varian Vista MPX, Varian, Palo Alto, CA, USA). 
 
2.2. Amendment effect on metal mobilization  
Pots containing 450 g of dry weight soil were brought to 2/3 field capacity and fitted 
with Rhizon-MOM for soil solution extraction (MOM-type Rhizons; Eijkelkamp 
Agrisearch Equipment, Giesbeek, the Netherlands). Subsequently the pots were treated 
with: 0.8 mmol, 1.6 mmol, 2.4 mmol, 4.0 mmol Na-EDDS or 0.8 mmol, 1.6. mmol, 4.0 
mmol Na-EDTA. Control pots were treated with deionized water. Soil solution was 
extracted at regular time intervals: in the EDDS-treated pots after 1 d, 4 d, 14 d and 30 
d; in the EDTA-treated pots after 1 d, 7 d, 25 d and 40 d. The soil solution samples were 
analyzed for Cd, Cu, Ni and Zn using ICP-OES (Varian Vista MPX, Varian, Palo Alto, 
CA, USA). All experiments were conducted in quadruplicate.  
 
2.3. Plant experiment 
The substrate used for the plant experiments was considered to be very rich in Ca, Mg, 
K, Na, P and N. Pots containing 450 g of dry weight dredged sediment were sown with 
3 H. annuus ‘giganteus’ seeds. After germination, the plants were thinned to 1 per pot. 
The plants were allowed to grow in a greenhouse during the spring months (March – 
June), without artificial lighting. After six weeks, the pots received additional nutrients 
in the form of 25% Hoagland (50 ml) to prevent nutrient deficiencies. The soil moisture 
content was kept constant at 2/3 of field capacity. After 10 weeks of growth, the pots 
were treated with the soil amendments outlined in Table 7.1.  
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T0 Control
T1 0.8 + 0.8 mmol EDDS
T2 1.6 mmol 
T3 2.4 mmol 
T4 4 mmol 
T5 2 + 2 mmol 
T6 4 + 4 mmol
T7 0.8 mmol EDTA
T8 0.8 + 0.8 mmol 
T9 1.6 mmol 
T10 2 + 2 mmol 
T11 25 mmol NH4Citrate
T12 100 mmol
T13 0.8 mmol NTA
T14 0.8 + 0.8 mmol 
Table 7.1. Treatments used in the plant experiment (applied 1 week before harvest); T0 
presents the untreated control, certain treatments (T1, T5, T6, T8, T10, T14) received a 
second application 3 days after the initial treatment, the high loads of NH4 Citrate (T11, 
T12) were evenly spread over four consecutive days 
 
 
 
 
 
 
 
 
 
 
 
Soils were treated closer towards the harvest. This was preferred as opposed to pre-sow 
or post-germination treatment to avoid detrimental growth depressions. As observed in 
Chapter 6, phytotoxic effects induced by metal mobilization in a pre-sow or post-
germination treatment considerably limited overall metal extraction due to severely 
reduced biomass production. Soil treatment was performed by dissolving the 
amendments in deionized water and applying the solutions to the top of the pots. In 
addition to EDDS and EDTA, NTA and NH4 Citrate were evaluated. EDTA and EDDS 
were applied as Na2 EDTA and Na3 EDDS respectively. Treatments T1, T5, T6, T8, T10 
and T14 received a second application 3 days after the first. The NH4 Citrate treatment 
was spread over 4 consecutive days. One week after treatment, all plants were 
harvested, oven-dried (60°C) and weighed. All treatments were performed in triplicate. 
Shoot samples were ground using a Culatti DCFH 48 grinder and sieved with a 1 mm 
sieve. Samples were then ashed at 450°C, dissolved in 6 M HNO3 on a hot plate (150°C 
for 30 minutes). The resulting solution was passed through a blue ribbon filter 
(Schleicher & Schuell, Dassel, Germany) and the resulting filtrate was then analysed for 
heavy metals using ICP-OES (Varian Vista MPX, Varian, Palo Alto, CA, USA). The 
heavy metals under study were: Cd, Cu, Ni and Zn. 
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In order to determine post harvest mobility of heavy metals in the pots, the pots were 
kept moist at 2/3 field capacity and fitted with Rhizon-MOM for soil solution extraction 
(MOM-type Rhizons; Eijkelkamp Agrisearch Equipment, Giesbeek, the Netherlands). 
Two weeks and five weeks after harvest, soil solution samples were collected and 
analysed for levels of heavy metals. 
 
In a second plant experiment, the kinetics of plant absorption of mobilized metals were 
assessed by harvesting plants at varying time periods after treatment. Pots were filled 
with 2.5 kg of sediment and sown with H. annuus ‘giganteus’. Soil moisture content 
was kept at 2/3 field capacity. The pots were grown outside during the summer (May-
September). After 3 months of growth, 7.5 mmol EDTA was applied to the top of the 
pots, dissolved in 100 ml deionized water. Subsequently plants were harvested 1, 2, 3 or 
4 weeks after treatment and analyzed for metal content. 
 
2.4. Statistical analysis 
Descriptive statistics were performed using the SPSS 11.0 (SPSS Inc.) and Excel 
(Microsoft Inc.) software packages. Dunnet’s pairwise multiple comparison t test was 
used to compare all plant performances against the control mean, and to check for the 
statistical significance of observed differences. 
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Physico-chemical properties
pH-H20 7.1 ± 0.1
Conductivity (µS cm
-1
) 509 ± 18
Organic Matter (%) 7.5 ± 0.9
Carbonate Content (% CaCO3) 10.7 ± 0.4
Cation Exchange Capacity (cmol kg
-1
) 22.9 ± 1.4
Clay (%) 38
Silt (%) 42
Sand (%) 21
Pseudo-total metal content (mg.kg
-1
)
Cu 120 ± 17
Cd 8.8 ± 0.8
Zn 907 ± 118
Pb 178 ± 33
Ni 61 ± 9
Cr 177 ± 23
3. Results 
3.1. Soil characteristics 
The soil substrate used in these experiments was collected at the dredged sediment 
disposal site of Meigem, Flanders. Table 7.2. presents the soil properties for the soil 
used in these experiments. 
 
Table 7.2. General soil properties and total metal content of the dredged sediment 
derived soil used in the pot experiments; pH-H2O: actual soil acidity, EC: electrical 
conductivity, CaCO3: soil carbonate content, OM: organic matter content, CEC: Cation 
Exchange Capacity; Intervals denote standard deviation (n = 3) 
 
 
 
 
 
 
 
 
 
 
 
 
3.2. Effect of soil amendments on heavy metal mobility 
Observed concentrations of heavy metals in the soil solution, following treatment with 
EDDS and EDTA are presented in Fig. 7.1. The control levels varied only a little over 
time: for Zn 0.19 ± 0.08 mg.l-1, for Cu 0.20 ± 0.19 mg.l-1, for Cd 0.03 ± 0.02 mg.l-1 and 
for Ni 0.26 ± 0.08 mg.l-1.  
 
 
Cu mobilization by EDDS appeared to be dose independent, with the lowest dose (0.8 
mmol) mobilizing equal amounts than the highest dose (4 mmol). Zn on the other hand 
was increasingly mobilized with increasing dosage of EDDS. Ni mobilization became 
dose indepent from the second treatment (1.6 mmol) onwards. Cd was only slightly 
influenced by EDDS. 
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Fig. 7.1. Concentrations of heavy metals in the soil solution after treatment of pots 
containing 450 g dry weight soil with 4 mmol, 2.4 mmol, 1.6 mmol or 0.8 mmol EDDS 
(left) or with 4 mmol, 1.6 mmol or 0.8 mmol EDTA (right); for levels in the untreated 
control, see text (n = 4) 
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This observed selectivity for Cu, Zn and Ni and the lack thereof for Cd has important 
repercussions for enhanced phytoextraction of soils contaminated with Cu and Ni. At 
the lowest applied dose 63% of the mobilized metals were Cu, 25% Zn and 12% Ni. At 
the highest dose the balance shifts to 67% Zn, 26% Cu and 7% Ni. The additional 
chelator molecules applied with increasing dosage are therefore used for mobilization of 
Zn, while Ni and Cu mobilization appear to have reached saturated levels at lower 
doses. The ligand effect, defined as the mmolar amount of metals mobilized per mmol 
chelator applied to the soil varied between 0.44 mmol at the highest dose to 0.65 mmol 
at the lowest applied dose. Therefore, the efficiency decreased at increasing dose of 
EDDS. 
 
Cu mobilization by EDTA was significantly and substantially lower than was observed 
for EDDS: at the lowest applied dose, EDTA was able to induce soil solution levels of 
18 mg.l-1, while an equal dose of EDDS resulted in the mobilization of 131 mg.l-1 Cu. 
Mobilization by EDTA proved to be dose dependent, unlike as was observed for EDDS 
treatments. This suggests that no saturation of Cu complexation was observed within the 
range of EDTA applied in our experimental setup. Initial mobilization of Zn was 
comparable to that induced by EDDS, yet Zn levels continued to increase over time to 
levels significantly exceeding those observed for EDDS. Cd was more explicitly 
mobilized by EDTA than by EDDS to levels ranging between 3-11 mg.l-1 in the lowest 
and highest dose of EDTA. The proportional distribution of metal mobilization after 
EDTA treatment was as follows: 85 ± 1% Zn, 10 ± 1% Cu, 3.4 ± 0.2% Ni, 0.9 ± 0.1% 
Cd. This distribution pattern did not differ significantly between the various applied 
doses of EDTA. For every mmol EDTA added per kg soil, an additional 0.48-0.63 
mmol of heavy metals were mobilized into the soil solution. The ligand effect for 
EDTA is therefore similar to the one described for EDDS.  
 
3.3. Enhanced phytoextraction experiments 
3.3.1. Plant uptake 
Shoot concentrations of Zn, Cu, Cd and Ni after treatment with soil amendments are 
presented in Fig. 7.2. Levels observed in the untreated control were: 96 ± 6 mg.kg-1 for 
Zn, 8.3 ± 0.9 mg.kg-1 for Cu, 1.4 ± 0.2 mg.kg-1 for Cd and 2.5 ± 0.4 mg.kg-1 for Ni.  
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Zn uptake was significantly enhanced (p < 0.05) by most of the EDDS treatments and 
the 2 highest EDTA treatments (1.6 mmol, 2 + 2 mmol). NTA and NH4 Citrate did not 
appear to enhance Zn uptake significantly. Cu uptake was significantly enhanced by all 
EDDS treatments, but by none of the EDTA, NTA or NH4 Citrate treatments. Cd uptake 
was only significantly enhanced in the 2 + 2 mmol EDDS and the 1.6 mmol EDTA 
treatments. Again, no effects were observed for the treatments with NTA or NH4 
Citrate. Ni uptake was significantly enhanced at the 0.05 level by NTA and by 5 out of 
6 EDDS treatments.  
 
For all treatments, any observed increased shoot contents appear to be independent of 
the applied dose of the soil amendment. This metal accumulation pattern may suggest 
that either this plant can only be induced to accumulate up to the observed levels or that 
the limiting factor in our experiment concerned the plant physiological kinetics for 
absorption and translocation. In the second case, the rate of mass transfer from soil to 
shoot should be taken into account when choosing the optimal moment of soil 
treatment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 7. Comparison EDTA and EDDS 
 232 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.2. Heavy metal content in shoots of H. annuus ‘giganteus’ following treatment 
with soil amendments: white = control, striped (T1-T6) = EDDS, dotted (T7-T10) = 
EDTA, gray (T11-T12) = NH4 Citrate, black (T13-T14) = NTA (for detailed description 
of the treatments, cfr. Table 7.1.); Intervals denote standard deviation (n = 3); a 
indicates significantly different concentration in comparison to control (α = 0.05) 
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3.3.2. Post harvest effects 
Prolonged mobilization of heavy metals after harvest is highly undesirable as the 
absence of an actively transpiring crop may result in percolation of mobilized metals. 
Therefore, the effects induced by soil amendments should be largely gone by the time of 
harvest or at least attenuate rapidly thereafter. To examine the decrease in metal 
mobilization, the soil solution was extracted 14 and 34 days after harvesting the plants. 
Control values observed in the pots did not differ significantly from those observed in 
the soil solution experiment (cfr. 3.2.).  
 
Two weeks after harvest and three weeks after initial soil treatment, the soil solutions of 
the EDDS-treated pots still contained elevated levels of heavy metals. Zn content varied 
from 35 ± 3 mg.l-1 in the lowest EDDS treatment (T1), over 155 ± 74 mg.l-1 (2 + 2 
mmol) to 410 ± 217 mg.l-1 in the highest EDDS treatment (4 + 4 mmol). Likewise, Zn 
levels in EDTA-treated pots were elevated and varied from 251 ±  9 mg l-1 in the lowest 
treatment (0.8 mmol), over 353 ± 107 mg.l-1 in the pots treated with 1.6 mmol EDTA 
and to 595 ± 146 mg.l-1 in the highest treatment (2 + 2 mmol). Levels in the NTA or 
NH4 Citrate treatments were not significantly higher than those observed in the 
untreated controls. 34 days after harvest, levels of heavy metals had diminished in all 
pots, suggesting biodegradation or physicochemical removal of the amendments from 
the soil solution. Levels observed in the EDDS treated pots ranged from 2.9 ± 1.9 mg.l-1 
in the lowest EDDS treatment (0.8 + 0.8 mmol), over 10.7 ± 11.7 mg.l-1 (2 + 2 mmol) to 
56 ± 38 mg.l-1 in the highest EDDS treatment (4 + 4 mmol). Zn levels in the EDTA 
treated pots 5 weeks after harvest, ranged from from 86 ± 21  mg.l-1 in the lowest 
treatment (0.8 mmol), over 176 ± 68 mg.l-1 in the pots treated with 1.6 mmol EDTA and 
to 239 ± 54 mg.l-1  in the highest treatment (2 + 2 mmol). 
 
3.3.3. Accumulation kinetics 
Fig. 7.3. exhibits the observed dry weight biomass and the shoot content of Zn, Cu, Cd 
and Ni in shoots of H. annuus ‘giganteus’ after 1 to 4 weeks following treatment with 
EDTA. The selected dose was 7.5 mmol, applied to 2.5 kg of dredged sediment after 3 
months of growth.  
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Fig. 7.3. Shoot concentration of heavy metals and plant growth (shoot dry weight) 
observed in H. annuus ‘giganteus’ after addition of EDTA to the soil (7.5 mmol / 3 kg 
soil); dashed line indicates levels for the untreated control ; Intervals denote standard 
deviation (n = 3) 
 
 
The heavy metal levels in the untreated control did not vary significantly over 4 weeks. 
The observed shoot concentrations levels in the control pots were: 0.8 ± 0.2 mg.kg-1 Cd, 
18.1 ± 1.5 mg.kg-1 Cu, 2.2 ± 0.6 mg.kg-1 Ni, and 146 ± 12 mg.kg-1 Zn. These 
concentrations were significantly higher than the levels observed for the control pots in 
the greenhouse experiment, particularly for Cu and Zn. This was attributed to 
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differences in season effects and light conditions. A significant increase in heavy metal 
content was observed only 3 weeks after application. After 4 weeks, concentrations 
appeared to decline again, although in our experiment this decline was not observed to 
be significant.  Dry weight in the control pots increased over time and was 3.1 ± 0.1 g 
after 4 weeks. Biomass production of EDTA treated pots did not increase over time and 
remained constant at 2.4 ± 0.1 g.  
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4. Discussion  
4.1. Effect of soil amendments on heavy metal mobility 
4.1.1. Heavy metal mobilization 
Distinct differences in mobilization patterns by both amendments could be observed 
(Fig. 7.1.): Zn was comparable for both substances, Cu was mobilized more by EDDS 
than by EDTA, Cd was mobilized more by EDTA than by EDDS and initial 
mobilization of Ni was highest for EDDS but was overtaken by EDTA as time 
progressed.  
 
Mobilization of Zn was initially comparable for both chelators, but decreased over time 
in EDDS treated pots only. Cu mobilization by EDDS appeared to be independent of 
applied dose, with induced levels between 130 and 180 mg.l-1. Mobilization of Cu in 
EDTA treated pots was substantially lower and dose dependent, varying between 18 and 
86 mg.l-1 in the lowest and highest treatments.  
 
4.1.2. Effect half-life 
Effect half-life is defined as the decrease of heavy metal mobilization by soil 
amendments over time (Eq. 6.1.-6.2., Chapter 6). Table 7.3. exhibits the k-values, 
corresponding t1/2 values and observed correlation coefficients of the linear regression 
as obtained by Eq. 6.1.-6.2.  
 
For all treatments, an initial increase in metal mobilization was observed during the first 
days after application. The decrease in ligand effect therefore was calculated based from 
the second sampling point onwards. This lag-phase, over which soil solution levels 
increase rather than diminish should be taken into account. For EDDS the observed lag-
phase was < 4 days, for EDTA < 7 days. The increase within this initial time period is 
assumed to be caused by the fact that distribution of the soil amendment over the soil 
profile and subsequent mobilization of heavy metals occur slower than the 24 h 
incubation period respected in our experimental setup.  
 
For EDTA, the highest applied dose (4.0 mmol) exhibited no decrease in mobilization 
in the 40 days after application (Table 7.3.). In the lower doses, slow decrease could be 
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k t1/2 R
2
EDDS 4.0 mmol .09 7.5 .89
2.4 mmol .15 4.7 .92
1.6 mmol .16 4.2 .95
0.8 mmol .18 3.8 .99
EDTA 4.0 mmol 0 ∞ -
1.6 mmol .019 36 .99
0.8 mmol .012 59 .85
observed with half-lives ranging from 36 to 59 days. The longevity of the ligand effect 
is attributed to the environmental persistence of this substance. Long-lived substances, 
such as EDTA, are inappropriate for the use in enhanced phytoextraction. Their 
longevity may cause elevated metal mobility to persist long after harvest. After the crop 
harvest, the hydrological conditions stated in Eq. 7.1. and Eq. 7.2 can no longer be 
guaranteed. This can result in potential leaching of metals during autumn and winter 
with contamination of groundwater.  
 
After the small initial increase, a strong and steady decrease was observed for EDDS. 
Ligand effect half-lives varied between 3.8 and 7.5 days, making the induced effect 
short-lived. The rate of decrease appeared to be dependent of applied dose with the 
lowest dose exhibiting the steepest relative decrease. This was attributed to potential 
additional metal toxicity at higher mobilization levels, causing slightly lower microbial 
activity and therefore lower biodegradation rates. Schowanek et al. (1997) observed a 
half-life of 2.5 days in the soil. The metal chelating ability, accompanied with the short 
activity timespan in the soil due to rapid biodegradation, make EDDS suited to consider 
as soil amendment for enhanced phytoextraction purposes. In addition, its low affinitity 
for macronutrients (Ca, Mg) reduces the competition for complexation by these cations 
and reduces the risk of excessive nutrient loss in the plough layer due to luxury 
consumption by the plant (of mobilized cations) or by leaching after chelate induced 
mobilization. Wasay et al. (1998) considered the potential of nutrient loss one of the key 
drawbacks of EDTA when considering its use for environmental remediation purposes. 
 
 
Table 7.3. Observed decrease in ligand effect (metal mobilization) as described by 
Equation 2 for pots treated with EDDS and EDTA and the correlation of the linear 
correlation (R2); k = decrease constant (d-1), t1/2 = half-life (d) 
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4.1.3. Practical prerequisites for field application 
Short-living substances such as EDDS can be used to increase extraction by a standing 
crop. The induced effect dissipates sufficiently fast to prevent downward motion of 
mobilized metals, while it endures sufficiently long to enhance phytoextraction. The use 
of soil amendments in this context requires the maintenance of the following 
hydrological balances (Eq. 7.1., Eq. 7.2.). 
   
 
E + T > P        (Eq. 7.1.) 
 With : E = Soil water evaporation (mm) 
  T = Plant transpiration (mm) 
  P = Climatological precipitation (mm) 
 
Pevent < (FC – M) . W      (Eq. 7.2.) 
With:  Pevent = a single event or string of events with increased precipitation (mm) 
FC = Field Capacity (l.kg-1) 
M = Moisture content (l.kg-1) 
W = Weight of treated top soil layer (kg.m-2) 
 
When applied towards the end of the growing season, the crop exhibits maximum 
evapotranspiration. In temperate regions, such as Western Europe, evapotranspiration 
exceeds climatological precipitation during the summer months. This implies the 
prevention of downward motion of water and hence the percolation of mobilized metals.  
However, any climatological system can display short outbursts of increased volumes of 
precipitation (storm events). The soil system is buffered against such events by the 
difference between actual soil moisture content in the top soil layer and the field 
capacity of the soil. Only when this difference is bridged by additional water input over 
a short timespan, sufficiently short to temporarily exceed the crop evapotranspiration 
capacity, then the mobilized metals run the risk of being leached to underlying soil 
layers. At a half-life of 3.8 days, 94% of the ligand effect will have been dissipated 
within a timespan of 15 days. At a field capacity of 0.5 l.kg-1 in clayey soils and 
estimating the total weight of the top soil layer (25 cm) at 3,500,000 kg.ha-1, a single 
raining event would require 53 l per m2 (or 5.3 cm) to bridge the difference between 
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field capacity and 2/3 of field capacity. Average monthly rainfall in September, which is 
the driest month for our region, over the last 33 years has been 5.77 cm (KMI, 2005). It 
can therefore be concluded that enhanced phytoextraction is feasible with short-lived 
substances that allow control of the relevant parameters over this short engineered 
window of metal mobilization. The ability to implement a waterscreen on small sites 
may provide additional safeguards. Phyles (2001) considered that the most critical 
moment in chelate assised phytoextraction is the 10 day period following soil 
application. Taking risks for leaching into account, they selected the driest period of the 
year. Due to the small surface area in their field trials, they could also easily shelter the 
experiment and shield it against excessive rainfall.   
 
Kos & Lestan (2004) proposed the introduction of permeable horizontal barriers 
containing vermiculite, saw dust and apatite below the plough layer to avoid potential 
leaching of chelate mobilized heavy metals. The vermiculite was added to increase the 
water holding capacities of the sawdust and apatite layers. Percolation of EDDS 
chelated Cu was effectively halted by the sawdust layer. However, introduction of a 
horizontal barrier may be practically infeasible for application in the field. In addition, 
based on our own observations, carbonates, hydroxides or phosphates are incapable of 
removing EDDS mobilized heavy metals from solution (unpublished data). In our 
experiments (unpublished data), only sulphides proved to be capable of competing with 
EDDS resulting in effective and instantaneous precipitation of mobilized metals. 
However, attempts to chemically re-stabilize chelate assisted mobilization of heavy 
metals in the rhizosphere by soil application of sulphides failed to result in satisfactory 
decreases of heavy metals in the soil solution. The potential of chemical re-stabilization 
following initial metal mobilization in the context of the current research is referred to 
as the ‘chemical handbrake’ hypothesis. Further research is required to ascertain which 
combination of mobilizing and stabilizing amendments could be used in sequence. 
 
4.2. Enhanced phytoextraction experiments 
4.2.1. Plant uptake 
Heavy metal content in the shoot of untreated controls was 1.4 ± 0.2 mg.kg-1 for Cd, 8.3 
± 0.9 mg.kg-1 for Cu, and 2.5 ± 0.4 mg.kg-1 for Ni and 96 ± 6 mg.kg-1 for Zn (Fig. 7.2.). 
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The average dry weight production per plant was 3.7 ± 0.8 g and was not significantly 
influenced by any of the treatments. This was attributed to the fact that the soil 
amendments were applied only one week before harvest. The longer the time period 
between treatment and harvest, the more severe the growth depression may be because 
of metal toxicity. This phenomenon can also be observed in Fig. 7.3.; initially biomass 
production in untreated and treated plants was not significantly different. However, this 
difference increased over subsequent weeks and became significant three weeks after 
treatment. 
 
Heavy metal (Cu, Cd, Ni, Zn) extraction by the plants, expressed on molar base, was 6.3 
µmol per pot in the control, 8.0-15.1 µmol per pot in the EDDS treated plants and 8.8-
10.6 µmol per pot in the EDTA treatments. Levels for NTA and NH4 Citrate were 
similar to those observed in the control. These extraction values suggest that only a 
fraction of the mobilized metals, as described in Section 3.2., are effectively assimilated 
by the plant and subsequently translocated to the shoot. To estimate the relative 
importance of the effectively assimilated fraction of mobilized metals, the maximum 
mobilized mmolar levels observed in the soil solution experiment were compared to the 
mass extracted per plant in pots receiving identical doses of chelators. For example in 
the treatment with the highest observed total metal extraction (1.6 mmol EDDS), only 
2.2% of mobilized Zn, 0.8% of mobilized Cu and 7.3% of mobilized Ni were recovered 
in the shoots of H. annuus. However, it can be argued that these levels may increase by 
prolonging the exposure time of the plants by fixing the time of soil treatment at an 
earlier time before harvest.  
 
Cd uptake was only significant in the highest EDDS treatment and the second highest 
EDTA treatment (Fig. 7.2.). At observed shoot levels of maximum 2.9 mg.kg-1 Cd 
accumulation was not deemed sufficient for phytoextraction purposes. Annual removal 
of 0.1 mg.kg-1 from the top soil layer would require shoot levels of up to 20 mg.kg-1 in a 
crop with a yield of 25 t.ha-1.y-1. Zn uptake in EDDS and EDTA treated pots was 150-
200% of that in the untreated controls. Application of NTA or NH4 Citrate did not result 
in significant increases. Although significant, the observed increases are not considered 
sufficient for optimal enhanced phytoextraction. At a dry weight production of 25 t.ha-
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1.y-1, concentrations of 200 mg.kg-1 Zn in the shoot suggest an annual reduction of Zn in 
the top soil layer (25 cm) of merely 1.4 mg.kg-1. For optimal phytoextraction 
performance, levels higher than 500 mg.kg-1 Zn in the shoots are desirable. However, 
the level of uptake in our experiment may be unduly low because of the short timespan 
between soil treatment and harvest (seven days). Lestan & Grcman (2002) conducted 
comparative research between EDTA and EDDS. In a single dose application of 10 
mmol.kg-1 soil EDTA and EDDS induced similar shoot accumulations of Cd and Zn by 
Brassica rapa. However, EDDS appeared to induce far less leaching than did EDTA, 
attributed to the strong biodegradability of EDDS. The authors further reported lower 
toxicity to plant and soil fungi upon EDDS addition in comparison to EDTA. The strong 
inducing capacities of EDDS combined with short environmental half-life, make this 
compound promising for enhanced phytoextraction. Kos et al. (2003) compared EDDS 
with EDTA enhanced accumulation of Cd and Zn in four different plant species and 
found that EDDS was generally less effective, except in Cannabis sativa. Comparison 
of different agronomic crop species, including C. sativa with or without application of 
EDTA or EDDS are discussed in further detail in Chapter 8. 
 
Cu uptake was significantly affected only by EDDS: observed shoot levels were 265-
422% that of the untreated control. Levels of > 30 mg.kg-1 Cu were no exception. Even 
so, average shoot levels of this order of magnitude suggest an annual decrease of only 
0.2 mg.kg-1 in the top soil layer in a high biomass producing crop. Interestingly, Cu 
mobilization and uptake appeared to be dose independent for soils treated with EDDS. 
This suggests that even at the lowest dosage, all complexable Cu was selectively 
mobilized. Only when all complexable Cu was chelated, the other elements, such as Zn, 
were thought to be progressively mobilized. Mobilization of Cu by equal doses of 
EDTA proved to be lower than observed for EDDS. Also, for EDTA the mobilization 
was dose-dependent. Kos & Lestan (2004) compared EDTA, EDDS, DTPA and citric 
acid for their capacity to enhance Cu mobility and uptake by Brassica rapa from a 
moderately contaminated vineyard soil containing 163 mg.kg-1 Cu. They concluded that 
EDDS was the most effective in increasing shoot accumulation, with concentrations up 
to 38 mg.kg-1.  
 
Chapter 7. Comparison EDTA and EDDS 
 242 
Ni uptake was significantly enhanced in EDDS treated pots and pots treated with NTA 
with shoot levels of 217-290% of those observed in the control. Again, higher levels 
will be required to consider effective phytoextraction. 
 
4.2.2. Post harvest effects 
Only a limited fraction of mobilized metals was effectively assimilated and translocated 
by the plant: in the treatment with the highest observed total metal extraction (1.6 mmol 
EDDS), only 2.2% of mobilized Zn, 0.8% of mobilized Cu and 7.3% of mobilized Ni 
are recovered in the shoots of H. annuus. This is a major reason why amendments and 
their effects should be short-lived: only a fraction of the mobilized metals are extracted 
from the soil solution, the remaining portion must be re-stabilized after biodegradation 
of the ligand. Post harvest effects are highly undesirable because the absence of an 
actively transpiring crop greatly increases the risk for percolation of the mobilized 
metals. 
 
Post harvest decreases in ligand effect occurred more rapidly than in the soil solution 
experiments. This effect was more pronounced for EDTA than for EDDS.  The higher 
rate of ligand degradation was attributed to a culmination of two factors: (i) microbial 
activity was expected to be higher in pots which had contained plants for 11 weeks and 
(ii) soil temperature in the greenhouse experiment was slightly higher than the soil 
solution experiment (laboratory). Higher root-zone biodegradation of organic 
substances can be attributed to microbial stimulation by plant exudation of sugars, 
amino acids, organic acids, nucleotides and other compounds (Shimp et al., 1993; 
Schnoor et al., 1995). Plant roots can also affect soil conditions by increasing soil 
aeration and moderating soil moisture content, thereby creating conditions more 
favourable for biodegradation by indigenous microorganisms (EPA, 2000).  
 
The ligand effect half-life in planted pots treated with 4 mmol EDDS was 5.2 days as 
compared to 7.5 days in the soil solution experiment. In addition, pots treated with 
double this amount still exhibited a reasonably low ligand effect half-life of 6.6 days. 
Planted pots treated with 0.8 + 0.8 mmol EDDS had similar half-life values than those 
which were observed in the soil solution experiment: 4.5 and 4.2 days respectively. 
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Decrease rates in EDTA-treated pots were substantially higher in the plant experiment 
than in the soil experiments described in 4.1., with k-values ranging from 0.034 – 0.052 
as compared to 0 – 0.019. This resulted in half-lives ranging from 13 – 20 days. The 
rate of decrease was observed to be dose dependent, with the lowest EDTA dose 
exhibiting the steepest relative decrease in ligand effect. This may suggest elevated 
biodegradability of EDTA in rhizosphere soil in comparison to bulk soil. Analogously, 
EDTA induced metal mobilization in the rhizosphere of Brassica juncea was reported 
to decrease over a period of four weeks after treatment (Wu et al., 2004).  
 
For NTA and NH4 Citrate, heavy metal concentrations in the soil solution two weeks 
after harvest did not differ significantly from the controls.  
 
4.2.3. Accumulation kinetics 
Based on the dose independent shoot accumulation of heavy metals as observed in Fig. 
7.2, it was assumed that plant physiological kinetics may induce an additional limiting 
factor. It is plausible that the rate of mass transfer of mineral components from soil to 
root and root to shoot may operate within set boundaries as well. Or in other words, that 
in the one week between treatment and harvest in our experiment, the plants could only 
absorb and translocate the observed mass of minerals. Although grown on the same 
sediment, shoot levels of essential heavy metals in the control pots in this experiment 
(Fig. 7.3.) were significantly higher than those observed in the greenhouse pot 
experiment (Fig. 7.2.). This was attributed to longer day lengths and higher light 
intensity in the summer months as compared to the previous experiment which took 
place in spring. Mineral nutrition is a light driven process (Raven et al., 1999). 
Therefore, conditions during summer may be more optimal for effective mineral 
extraction of (essential) heavy metals. A gradual increase of Pb concentrations in H. 
annuus leaves over time following EDTA treatment was also observed by Phyles 
(2001). Conversely, Huang et al. (1997) reported that induced accumulation in Zea 
mays occurred within 24 h after application. 
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The experiment revealed that during the first two weeks after application, shoot levels 
of heavy metals did not increase in comparison to the control, while a rapid increase 
was observed after three weeks. The subsequent drop in shoot levels after 4 weeks was 
found to be statistically not significant. However the observed drop deserves further 
research to ascertain whether complexed metals could potentially be remobilized from 
the shoot upon initial accumulation. The observed accumulation pattern suggests that 
plants may require a sufficient exposure time for optimal effect. This should be taken 
into consideration when applying soil treatments towards the end of the growing season. 
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5. Conclusion 
Strong mobilization of heavy metals was observed for both chelators. However, there 
were distinct differences between both amendments: Zn mobilization was comparable 
for both substances, Cu was mobilized more by EDDS than by EDTA, Cd was 
mobilized more by EDTA than by EDDS and initial mobilization of Ni was highest for 
EDDS but was overtaken by EDTA as time progressed. The mobilization effect 
decreased rapidly for the soils treated with EDDS, with half-lives of 3.8-7.5 days, 
depending on the applied dose. The effect half-life observed in EDTA treated soils 
ranged between 36 days and infinity (no degradation observed within 40 days of 
monitoring). The strong persistence of EDTA makes it unsuitable for use in 
phytoextraction under normal field conditions.  
 
In the plant experiment, none of the treatments significantly affected biomass 
production of H. annuus. This was attributed to the short timespan between treatment 
and harvest (seven days). Significant increases in plant uptake were observed for Zn in 
all EDDS-treated pots and in the highest doses of EDTA. For Cu significant increases 
were only observed in the EDDS-treated pots, for Cd in one of the EDDS and one of the 
EDTA treatments and for Ni in all pots treated with either EDDS or NTA. However, 
none of the observed increases were sufficient under the current experimental 
conditions to consider for field application of phytoextraction. This may potentially be 
caused by a lack of exposure time to the induced metal mobility with only 7 days 
between treatment and harvest. A kinetics experiment validated this possibility: 
accumulation levels in the shoot of H. annuus revealed that the enhanced increase 
became significant 3 weeks after treatment. Future experiments will fix the moment of 
treatment at an earlier time before harvest. Post harvest mobility of heavy metals in the 
soil solution was evaluated 2 and 5 weeks after harvest. The observed rate of decrease in 
the ligand effect was slightly more rapid in the plant experiment than was observed in 
the soil solution experiment. Post harvest half-lives ranged from 4.5 to 6.6 days in the 
EDDS treated pots and from 13 to 20 days in EDTA treated pots. The relatively strong 
decrease pattern for EDTA is unexpected and deserves further attention. The rate is 
probably still slightly too slow in regards to potential risks for leaching, but is much 
faster than observed in the soil experiment. 
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8.  
Comparative Assessment of four Agronomic Species 
for Phytoextraction of Heavy Metals 
 
 
 
 
 
 
 
 
 
Meers, E., Ruttens, A., Hopgood, M., Lesage, E. & Tack, F.M.G. (2005). Potential of Brassica rapa, 
Cannabis sativa, Helianthus annuus and Zea mays for phytoextraction of heavy metals from calcareous 
dredged sediment derived soils. Chemosphere, in press. 
Chapter 8. Comparison agronomic crops 
 248 
1. Introduction 
1.1. Background 
Soil pollution by heavy metals is a widespread problem posing considerable threats to 
the environment. In Flanders (Belgium), current estimates of contaminated sites 
requiring clean up, reach 361 km2 ha or 3.9% of the total surface area (Ceenaeme et al., 
2004). However, this number is thought to increase further, considering that only 25% 
of risk sites has been evaluated so far. So far, pollution was confirmed in 78% of these 
evaluated cases. Due to high costs involved, local authorities have granted themselves a 
period of 40 years (until 2036) to remediate the priority black spots. In the meantime, 
these lands remain barren, posing continued risks. In addition, other more moderately 
contaminated sites, which may still pose environmental risks, are excluded from 
immediate remediation. Remediation with conventional engineering methods can thus 
become prohibitively expensive (Salt et al., 1995b; Lasat, 2000). Dredging activities for 
the maintenance of waterways in Flanders produce 4-6 x 106 m3 y-1 of sediments 
requiring disposal on land (Tack et al., 1995; Singh et al., 1998b). Due to the 
historically polluted state of Western European waterways, these sediments generally 
contain elevated concentrations of heavy metals. Disposal on land, therefore, generates 
additional pollution on a systematic basis.   
 
Phytoremediation is a process that uses living green plants for in situ risk reduction of 
contaminated soil, sludge, sediments and groundwater through contaminant removal, 
degradation or containment (EPA, 1998). Phytoextraction is the removal of components 
from the soil by plants (Cunningham & Berti, 1993; Garbisu & Alkorta, 2001). Plants 
extract metals, such as Co, Cu, Mn, Mo, Ni and Zn to meet their mineral nutritional 
demands (Lasat, 2000). In addition to the active uptake of these essential 
micronutrients, non-essential elements such as Cd and Pb can be taken up non-
intentionally. Intensive plant culturing and export of the produced biomass will 
therefore result in a gradual decrease of metal content in the top soil layer. The overall 
removal of the target contaminants is determined by the product of the annual 
harvestable biomass and the metal content contained within this biomass. Two distinct 
different strategies have emerged, seeking to optimise the potential of phytoextracting 
crops: (i) the use of natural metal hyperaccumulators and (ii) the use of amendment 
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induced hyperaccumulation. Although capable of achieving very high concentrations of 
heavy metals in the shoot, hyperaccumulators tend to have low annual biomass 
productions ultimately limiting their applicability. The induction of hyperaccumulation 
in agronomic crops with high annual biomass yields has been reported by Cunningham 
& Ow (1996), Huang et al. (1997) and Blaylock et al. (1997).  
 
Ethylene diamine tetraacetate (EDTA) has received much attention as a soil amendment 
in phytoextraction research. Despite the reported potential of EDTA for induced 
phytoextraction, it has a number of important drawbacks. It exhibits poor 
biodegradability in the environment (Schowanek et al., 1997; Bucheli-Witschel & Egli, 
2001; Jones and Williams, 2002), which in combination with its high affinity for heavy 
metal complexation, results in increased risks for leaching (Grcman et al., 2001). 
Ethylene diamine disuccinate (EDDS) is a naturally occurring chelator (Nishikiori et al., 
1984; Goodfellow et al., 1996). Schowanek et al. (1997) described a high degree of 
biodegradability for EDDS, with observed half-lives ranging from 2.5 days in a soil 
experiment to 4.6 days in an unacclimated Sturm test. The metal chelating ability, 
accompanied with the short activity timespan in the soil due to rapid biodegradation, 
make EDDS suited to consider as soil amendment for enhanced phytoextraction 
purposes. 
  
1.2. Objectives 
This Chapter aims to assess the potential of four agronomic plant species with high 
annual biomass yield (Brassica rapa, Cannabis sativa, Helianthus annuus, Zea mays) 
for phytoextraction of heavy metals from oxidized calcareous dredged sediments 
derived surface soils. The extent to which accumulation in the shoot can be enhanced by 
EDDS or EDTA is also evaluated. Mobilization effects induced by these amendments 
and the longevity of these effects were investigated as well. The moment of soil 
treatment with these amendments was chosen pre-harvest rather than pre-sow, based on 
previous experience. 
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2. Material & Methods 
2.1. Soil characteristics 
The soil was air-dried, ground in a hammer cross beater mill and sieved through 1 mm 
filter before analysis or use in the various experiments. Soil conductivity was measured 
with a WTW LF 537 electrode (Wissenschafltich-Technischen Werkstäten, Weilheim, 
Germany) after equilibration for 30 minutes in deionized water at a 5:1 liquid:solid ratio 
and subsequent filtering (white ribbon; Schleicher & Schuell, Dassel, Germany). To 
determine pH-H2O, 10 g of air-dried soil was allowed to equilibrate in 50 ml of 
deionized water for 24 h. For pH-KCl, 50 ml of 1 M KCl was added to 10 g of air-dried 
soil and allowed to equilibrate for 10 minutes. The pH of the supernatant was then 
measured using a pH glass electrode (Model 520A, Boston, MA, USA). Total carbonate 
content was determined by adding a known excess quantity of sulphuric acid and back-
titrating the excess with sodium hydroxide (Van Ranst et al., 1999). Organic matter was 
determined using the method described by Walkley & Black (Allison, 1965). The 
particle size distribution of the soil samples was determined using laser diffractometry 
(Coulter LS200, Miami, FL, USA) with the clay fraction defined as the 0-6 µm fraction 
(Vandecasteele et al., 2002a). This fraction was found to correspond with the 0-2 µm 
fraction using the conventional pipette method. Likewise, 6-63 µm was used as the silt 
fraction and 63-2000 µm as the sand fraction. The Cation Exchange Capacity (CEC) of 
the sediment was determined by first saturating the soil matrix with NH4
+, then 
desorbing the NH4
+ by K+ and measuring the quantity of the NH4
+ in the leachate (Van 
Ranst et al., 1999). Field capacity was determined by adding an excess of water to 400 g 
dry weight soil. The pots were assumed to be at field capacity when formation of further 
droplets at the bottom of the pot after free percolation had fully ended. The pots were 
then re-weighed and field capacity estimated. Soil metal content was determined after 
aqua regia digestion (Van Ranst et al., 1999). Analysis was subsequently performed, 
using ICP-OES (Varian Vista MPX, Varian, Palo Alto, CA, USA). All analyses were 
carried out in triplicate. For mass balance calculations of extracted heavy metals, the 
mass of the top 25 cm soil layer was estimated with apparent soil density of 1.4 kg.dm-3 
or 3.5 106 kg.ha-1. 
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2.2. Effect of soil amendments on heavy metal mobility 
To assess the effects of EDTA and EDDS on metal mobilization into the soil solution, 
small plastic pots containing 100 g of air dry soil were treated with 0.1, 0.3 or 0.5 mmol 
of the soil amendments dissolved in 43.6 ml H2O. This corresponds with a final dose of 
1, 3, and 5 mmol kg-1 of the chelating agents. The selected volume of solution 
corresponds with the field capacity of the soil. The pots were kept closed to avoid 
evaporation, except at frequent time intervals for soil sampling. Homogenised soil was 
collected from the plastic pots after 1 day, 1 week and 3 weeks to evaluate soluble soil 
fractions of heavy metals. A sample corresponding with 10 g of air dry soil was mixed 
with 50 ml of deionized water, incubated overnight while shaken and finally filtered 
(white ribbon; Schleicher & Schuell, Dassel, Germany). The filtrate was analysed for 
metals using ICP-OES (Varian Vista MPX, Varian, Palo Alto, CA, USA).  
 
2.3. Plant uptake of heavy metals 
The comparison of the four agronomic species, with or without application of EDDS or 
EDTA, was performed as a greenhouse screening. This implies that the findings derived 
from this study will require field validation. However, the use of mobilizing agents, 
such as EDDS and EDTA, in field trials is sensitive and requires adequate greenhouse 
evaluation prior to upscaling to the field scale.  
 
Pots were filled with 1 kg of air-dried soil and brought to 2/3 of field capacity with 
deionized water (280 ml per pot). Subsequently, seeds of H. annuus ‘Giganteus’, C. 
sativa ‘Chameleon’, B. rapa ‘Durmelander’ and Z. mays ‘Impact’ were sown at a 
density of 10 seeds per pot. In subsequent weeks after germination, plants were thinned 
to 1 plant per pot (3 pots per treatment).  The C. sativa cultivar used in our experiment 
was an industrial fibre cultivar with low tetrahydrocannabinol (THC) content.  
 
Considering the long duration of the pot experiment (11 weeks), all pots were fertilized 
with a synthetic fertilizer solution to avoid limiting nutritional conditions. Fertilization 
in this context is somewhat ambiguous: on one hand nutrient deficiencies may limit the 
uptake of other inorganic components from the soil (such as heavy metals), on the other 
hand addition of nutrient salts may influence the chemical availability of heavy metals 
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within the soil matrix. In previous screenings with agronomic crops on this particular 
soil substrate, the application of the nutrient solution used in this experiment proved not 
to have significant effects on heavy metal uptake by the plants (unpublished data). The 
nutrient solution contained 5 g NH4NO3, 2.5 g Ca(H2PO4)2.H2O,  2.5 g K2SO4 and 2.5 
MgSO4.7H2O per liter of deionized water. Per pot, 4 x 25 ml of the nutrient solution 
were applied in consecutive days. The pots, containing 1 kg of air dry soil, were 
maintained at a constant soil moisture content of 2/3 of the field capacity and cultivated 
in a greenhouse at a day/night regime of 14h light per day (forced light). The pot 
experiment was performed during November – January. To maintain the soil moisture 
content at desired constant levels, losses in pot weight due to evapotranspiration were 
compensated on a daily basis. 
 
After 7 weeks of growth, the pots were treated with either deionized water or 3 mmol 
EDDS or EDTA. Previous experiments suggested that soil treatment should preferably 
be at least three weeks before harvest for optimal uptake from the calacareous soil under 
investigation (Chapter 7, Fig. 7.3.). The soil treatments were dissolved in deionized 
water and applied to the top of the pot. The bottom of the pots was shut watertight to 
prevent leaching. After another 4 weeks, or 11 weeks after sowing, the plants were 
harvested, oven dried at 60°C and weighed to determine dry weight biomass production. 
Shoots were ground using a cross hammer beater mill and sieved with a 1 mm sieve. 
Samples were then ashed at 450°C and dissolved in 6 M HNO3 on a hot plate. The 
resulting solution was filtered (blue ribbon; Schleicher & Schuell, Dassel, Germany) 
and the resulting filtrate was analysed for heavy metals using ICP-OES (Varian Vista 
MPX, Varian, Palo Alto, CA, USA). 
 
To make a crude first estimate of the general phytoextraction potential of the various 
agronomic crops, we first assess attainable biomass production as reported in literature, 
subsequently multiply this by observed shoot concentrations with or without induced 
accumulation of heavy metals and finally divide this by the weight of the top soil layer 
(25 cm) to ascertain achievable annual extraction levels. This extrapolation is only 
intended to make a calculated estimation on the order of magnitude of potentially 
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phytoextractable metals. Validation in the field would however be required for actual in 
situ application of the technique.  
 
2.4. Statistical analysis 
Descriptive statistics were performed using the SPSS 11.0 (SPSS Inc.) and Excel 
(Microsoft Inc.) software packages. Levene’s test was used to ascertain homogeneity of 
the variances between the various treatments. When non-equal variances were observed, 
the Dunnett’s T3 adaptation was used to screen for significant differences. Two-way 
anova was used to check for factor interactions between soil treatment and plant species. 
Tukey pairwise multiple comparison was used to compare all plant performances, and 
to check for the statistical significance of observed differences (α = 0.05). In case of 
interaction between soil type and soil treatment with EDDS, metal concentrations were 
compared between the treated and untreated soil with the t-test. 
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pH-H2O - 7.4 ± 0
pH-KCl - 7.0 ± 0
EC µS cm
-1
1153 ± 32
Clay % 22
Silt % 28
Sand % 50
CaCO3 % 8.5 ± 0.3
OM % 4.7 ± 0.7
CEC cmol(+) kg
-1
8.2 ± 0.5
Cd mg kg
-1
5.6 ± 0.2
Cu mg kg
-1
90 ± 5
Cr mg kg
-1
123 ± 7
Fe mg kg
-1
16359 ± 813
Mn mg kg
-1
221 ± 14
Ni mg kg
-1
41 ± 2
Pb mg kg
-1
108 ± 5
Zn mg kg
-1
575 ± 28
3. Results  
3.1. Soil characteristics  
The soil substrate used in the pot experiments was a calcareous dredged sediment 
derived surface soil, which had been in an oxidised state for more than 8 years prior to 
sampling for this research. Due to the general state of pollution in Western European 
waterways, sediments dredged from these waterways contain elevated concentrations of 
organic and inorganic pollutants. Soil properties and total metal concentrations are 
presented in Table 8.1. The levels of Cd and Zn were considered to be slightly elevated. 
Legal criteria for reuse of this dredged sediment as soil substrate are 500 mg.kg-1 for Zn 
and 2.5 mg.kg-1 for Cd respectively, dependent of organic matter and clay content. 
 
Table 8.1. General properties of the soils under study : electrical conductivity (EC), 
grain size distribution, soil carbonate content (CaCO3), organic matter (OM), cation 
exchange capacity (CEC) and heavy metal content ; Intervals denote standard deviations 
(n = 3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2. Effect of soil amendments on heavy metal mobility 
Table 8.2. presents heavy metal mobilization into the soil solution after soil treatment 
with EDDS or EDTA. Results are presented for three different doses of the amendments 
(1, 3, 5 mmol.kg-1) and three moments after application (1, 7, 21 days). Both 
amendments exhibited mobilizing effects for the heavy metals under study, albeit with 
distinctly different patterns. EDTA proved to be more efficient in the mobilization of Pb 
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Control EDDS EDTA
Days - 1 mmol kg
-1
3 mmol kg
-1
5 mmol kg
-1
1 mmol kg
-1
3 mmol kg
-1
5 mmol kg
-1
Zn 1 7.2 ± 0.4 442 ± 107 2007 ± 56 2234 ± 43 694 ± 73 1939 ± 114 2656 ± 235
7 11 ± 7 595 ± 84 1529 ± 138 1812 ± 158 646 ± 101 1310 ± 206 1948 ± 185
21 8.6 ± 0.9 10 ± 4 1215 ± 74 1822 ± 65 367 ± 14 2057 ± 66 1493 ± 19
Cu 1 6.6 ± 0.2 372 ± 100.5 974 ± 25 613.8 ± 28.9 63 ± 6 258 ± 9 353 ± 12
7 6.2 ± 2.7 403.7 ± 39 444 ± 23.4 453 ± 36.38 36 ± 8 47 ± 8 113 ± 21
21 3.1 ± 0.2 111.5 ± 51 345 ± 53.2 470.2 ± 31.2 26 ± 2 227 ± 2 75 ± 2
Cd 1 0.063 ± 0.008 0.068 ± 0.012 0.33 ± 0.21 0.981 ± 0.25 10 ± 2 22 ± 2 28 ± 4
7 0.073 ± 0.038 0.054 ± 0.012 0.13 ± 0.01 0.177 ± 0.04 9.2 ± 1.2 16 ± 3 22 ± 2
21 0.081 ± 0.007 0.073 ± 0.044 0.12 ± 0.01 0.067 ± 0.002 1.3 ± 0.1 26 ± 1 16 ± 1
Pb 1 0.15 ± 0.00 0.27 ± 0.04 0.83 ± 0.80 1.2 ± 0.8 3.6 ± 0.26 34 ± 5 69 ± 4
7 0.42 ± 0.44 0.36 ± 0.06 0.56 ± 0.14 0.48 ± 0.14 2.4 ± 0.59 5.3 ± 0.2 12 ± 1
21 0.32 ± 0.09 0.66 ± 0.35 0.36 ± 0.05 0.28 ± 0.12 2.0 ± 0.27 10 ± 0 7 ± 2
Ni 1 3.3 ± 0.2 62 ± 6 199 ± 3 146.3 ± 3 6.7 ± 0.5 27 ± 1 52 ± 2
7 2.9 ± 1.0 170.5 ± 18 196 ± 4 204.6 ± 19 23 ± 4 57 ± 5 109 ± 8
21 1.7 ± 0.1 27 ± 12 237 ± 10.4 244.2 ± 4 103 ± 8 181 ± 5 161 ± 3
and Cd, whereas EDDS was more efficient for Cu and Ni in the soil used for the 
experiments. Mobilization of Zn was comparable between both amendments. 
 
Table 8.2. Heavy metal mobilization into the soil solution (µmol.l-1) and evolution in 
time, following soil treatment with varying doses (1-3-5 mmol.kg-1) of EDDS or EDTA 
; Intervals denote standard deviations (n = 3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3. Plant uptake of heavy metals 
Fig. 8.1. exhibits dry weight biomass production and shoot accumulation of Cd, Cu, Ni, 
Pb and Zn with or without the use of soil amendments. Biomass production (dry weight) 
in the control was approximately 24 g per plant for Z.  mays, 10 g for C. sativa, 8 g for 
B. rapa, and 4 g for H. annuus.  
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Fig. 8.1. Biomass production (g dry weight) and shoot concentrations of Zn, Cu, Cd, Ni 
and Pb (mg.kg-1; dry weight) for : A C. sativa, B H. annuus, C B. rapa, D Z. mays ; 
treated with : 0 deionized water (ctrl), 1 3 mmol.kg-1 EDTA, 2 3 mmol.kg-1 EDDS ; 
Intervals denote standard deviation (n = 3) 
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4. Discussion 
4.1. Effect of soil amendments on heavy metal mobility 
The ligand effect, defined as the mmolar concentration of heavy metals mobilized into 
the soil solution per mmol chelator added to the soil was very high for both amendments 
and did not differ significantly at the 0.05 level: 845 ± 232 µmol.mmol-1 for EDDS, and 
724 ± 80 µmol.mmol-1 for EDTA. However, the mobilization patterns themselves 
differed distinctly between both chelators. EDDS mobilized more Cu and Ni than 
EDTA, while EDTA mobilized more Pb and Cd than EDDS. Zn mobilization was 
similar between both amendments. Neither amendment affected Cr mobility (data not 
shown in table). This is in contrast with findings by Chen and Cutright (2001) who 
reported Cr-mobilization after application of EDTA or HEDTA to a contaminated soil.  
 
The release of Cd and Pb by EDDS was low compared to Cu, Ni or Zn (Table 8.2.). The 
chelator preference for these last metals is an important footnote when considering 
selective mobilization for enhanced phytoextraction purposes. The higher observed 
mobilization of Ni and Cu by EDDS could not be explained by their respective stability 
constants with the two chelators: Log K = 18.7 and 18.4 for Cu-EDTA and Cu-EDDS 
respectively and Log K = 18.5 and 16.8 for Ni-EDTA and Ni-EDDS. These stability 
constants would suggest equal or better mobilization of Cu and Ni by EDTA. The 
higher mobilization of these elements by EDDS in the current experiment can be 
explained by lower affinity (based on stability constants) of EDDS for competitor ions 
such as Ca (Log KCa-EDDS = 4.2; Log KCa-EDTA= 10.6), Mg (Log KMg-EDDS = 5.8; Log 
KMg-EDTA= 8.8), Fe(III) (Log KFe-EDDS = 22.0; Log KFe-EDTA= 25.0) and Mn (Log KMn-
EDDS = 9.0; Log KMn-EDTA= 13.8). Values for the stability constants used were taken from 
Bucheli-Witschel & Egli (2001). Ca and Mg form weaker complexes with both 
chelators compared with heavy metals, but the smaller stability is compensated by their 
higher concentrations in the soil. The effect of competition was deemed higher for 
EDTA than for EDDS, resulting in more specific Cu mobilization by EDDS under the 
current experimental conditions. Heil et al. (1994) observed interference for soil 
leaching remediation of Pb by Ca and to a lesser extent Zn, Mn and Mg in alkaline soils 
and by Fe in acidic soils. In this context as well, competition for ligand binding plays a 
vital role. 
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Of equal importance as the mobilization ability or pattern, is the subsequent decrease of 
ligand effect after treatment. Indeed, the induced effects should be engineered to be 
effective, specific but also sufficiently short-lived. The effects should suffice to 
significantly and considerably enhance shoot accumulation, but should dissipate rapidly 
thereafter to avoid post harvest mobility and leaching. EDTA is a known persistent 
metal chelator, whereas EDDS has been proven to be biodegradable in a variety of tests 
(Schowanek et al., 1997). The decrease in ligand effect can be quantified by Eq. 6.1.-
6.2. (Chapter 6). 
 
The observed ligand effect half-life of the 1 mmol.kg-1 EDDS treatment was 4.7 days. 
These results are in line with previous experiences with pot experiments either with or 
without the presence of plants (Chapter 7). Schowanek et al. (1997) observed a half-life 
of EDDS in the soil of 2.5 days, making it very short-lived under natural conditions. 
Chelation to heavy metals may in theory decrease EDDS degradability and therefore 
increase ligand effect half-lives. In addition, this effect may be element-specific as some 
heavy metals may be more toxic to microbial degraders than other metals. To this date 
no specific data have been published on EDDS degradability as affected by chelated 
ions. With a half-life of 4.7 days, the ligand effect is reduced to 1.5% of initial 
mobilization within a period of 4 weeks. Fixing the time of soil treatment at 4 weeks 
before harvest should therefore suffice to prevent percolation through the soil profile of 
the mobilized metals. That is, provided that during this period crop evapotranspiration 
exceeds climatological precipitation. In temperate regions, such as Western Europe, 
evapotranspiration exceeds rainfall during the growing season, causing an upward water 
flow rather than downwards (cfr. also Chapter 7).  
 
The observed ligand effect half-life for 1 mmol.kg-1 EDTA was 21 days as opposed to 
the 4.7 days observed for an equal dose of EDDS. No decrease whatsoever was 
observed for the 3 mmol.kg-1 EDTA treatment, while for the 3 mmol.kg-1 EDDS 
treatment a half-life of 24 days was observed. Wu et al. (2004) observed a drop to 10% 
of initial levels 29 days after application of 3 mmol.kg-1 EDTA in a soil experiment, as 
estimated from decreases in dissolved organic matter. This would correspond with a 
half-life of 9 days. Observed half-lives for 3 mmol.kg-1 and 5 mmol.kg-1 EDDS 
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increased rapidly to 24 and 83 days respectively. This high persistence of the ligand 
effect at higher dosage was unexpected and contrary to previous findings both in 
planted and unplanted pot experiments (Chapter 7). The effect may have been caused by 
metal induced depression in microbial soils processes. On the other hand, the 
degradation may also have been (additionally) limited by the experimental design: the 
experiment was conducted in closed containers which were opened solely for the 
purposes of sampling, after respectively 1, 7 or 21 days. It is possible that the flow of 
oxygen thus supplied was insufficient for optimal microbial activity. However, when 
the effect of other biodegradable substances such as light molecular weight organic 
acids (a.o. citric acid, oxalic acid, acetic acid) was tested in a similar experimental setup 
to validate this hypothesis, the observed decrease was swiftly and effectively. Whether 
the observed longevity of the ligand effect is caused by metal induced microbial 
depression, by suboptimal microbial ecological conditions or by a combination of both 
is secondary to the notion that even highly biodegradable compounds can become 
persistent if conditions are not optimal for their microbial degradation. This strongly 
cautions against unmonitored application of soil amendments for enhanced 
phytoextraction purposes.  
 
Strict prerequisites for the use of mobilizing agents are in this regard not only the 
maintenance of hydrological balances as described in Chapter 7, but also the strict 
monitoring of ligand effect kinetics. When observed decrease occurs insufficiently fast, 
measures may be required to remedy the problem. These may include: (i) postponing 
harvest, (ii) applying amendments which stimulate microbial activity (e.g. fast N and C 
source), (iii) applying a stabilizing agents to counter chelate-induced metal mobility 
(chemical handbrake),  (iv) soil management techniques after harvest (e.g. ploughing for 
additional oxygen input), or (v) implementation of a water screen until levels are 
normalized. Kos & Lestan (2004) proposed the introduction of a permeable horizontal 
barrier below the top soil layer to halt leaching metal-chelates. The proposed 
composition for this barrier was vermiculite (to enhance water holding capacity), 
sawdust and apatite. However, in experiments conducted to chemically counter EDDS 
induced heavy metal mobilization phosphates, carbonates or hydroxides proved to be 
uncapable of removing heavy metals from solution. Only sulphides proved to be 
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capable of sufficiently competing with EDDS for efficient removal (unpublished data). 
Stumm & Morgan (1996) argued that it was not infeasible that phosphate addition to 
EDDS-metal chelate solution could increase EDDS biodegradability by partly 
precipitating complexed metals, thus generating free EDDS and decreasing compound 
toxicity. Tiedje (1975) also observed that degradability of metal-EDTA complexes was 
directly correlated with content of organic matter in soils and sediments. He furthermore 
observed increased degradability following organic matter application.  
 
Ligand effect half-life is not necessarily synonymous with ligand half-life. Decreases in 
mobilization patterns of heavy metals may also be caused by: sorption of the chelate to 
soil particles or competition of other electropositive elements for chelation. Schowanek 
et al. (1997) observed low sorption of EDDS complexes to soil particles, which suggests 
that ligand degradation and shifts in chelation patterns are the primary cause for 
decreased metal solubility after initial mobilization. The relative importance of the 
second mechanism has not been evaluated in this study. That shifts in chelation do play 
a role can be exemplified by the fact that although total mmolar concentration of heavy 
metals in the soil solution generally decreased over time, Ni was progressively more 
mobilized over time. This effect was observed for both amendments. 
 
4.2. Plant uptake of heavy metals 
4.2.1. Biomass production 
Biomass production per plant was significantly higher for Z. mays than for any of the 
other species in the untreated controls at the 0.05 level (Fig. 8.1.). The other three 
agronomic crops did not differ significantly from each other. Variations in shoot 
biomass production after treatment with either EDDS or EDTA were found not to be 
significant at the 0.05 level for any of the plants, except between EDDS treated Z. mays 
(D2) and untreated (D0) or EDTA treated Z. mays (D1). 
 
4.2.2. Cadmium (Cd) 
B. rapa accumulated significantly more Cd than any of other plant species (Fig. 8.1.). 
The effect of soil treatment by either EDDS or EDTA was found not to be significant. 
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Kos et al. (2003) also did not discern significant differences in four agronomic crops 
following treatment with EDDS or EDTA. 
 
Extracted mass of Cd varied between 6.2 and 8.0 µg per plant in the untreated controls. 
B. rapa plants treated with EDDS exhibited the highest overall extraction with 57 µg 
per plant. EDTA treated B. rapa plants exhibited slightly lower extraction with 53 µg 
per plant. The difference however, was not found to be significant. C. sativa and H. 
annuus treated with EDTA extracted 34 and 30 µg per plant respectively. The same 
plants treated with EDDS only extracted 7 and 12 µg per plant respectively. A 
maximum of 2.1% of Cd mobilized by EDTA was also recovered in the shoot. EDDS 
did not mobilize Cd to any substantial extent. Concentrations surpassing 100 mg.kg-1 
Cd in the shoot as observed by Chen & Cutright (2001) in H. annuus after soil treatment 
with EDTA, were not observed in the current experiment. This is attributed to the 
difference in soil substrate: while these authors used an acidic soil, spiked with heavy 
metals (50 mg.kg-1 Cd), the soil properties and pollution level in our experiment tend to 
suppress phytoextraction.  
 
4.2.3. Copper (Cu) 
Uptake by the various agronomic crops was in the order Z. mays (a) < B. rapa (b) < C. 
sativa (c) < H. annuus (c). Two-way anova revealed that Cu accumulation occurred in 
the order: control (a) < EDTA (b) < EDDS (c). Kos & Lestan (2004) also found that 
EDDS induced higher Cu accumulation in B. rapa than EDTA or DTPA. 
 
C. sativa proved to be most inducible for enhanced Cu accumulation after treatment 
with EDDS with concentrations up to 83 mg.kg-1. This constitutes for an increase with a 
factor 5.5 compared to the control. Cu concentrations in shoots of EDDS treated H. 
annuus were slightly less (67 mg.kg-1), while B. rapa and Z. mays exhibited 
significantly lower shoot concentrations of 38 and 13 mg.kg-1 respectively. The 
observed level for Z. mays after treatment was even lower than the untreated C. sativa 
plants.  
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Extracted mass per plant was for the untreated plants highest in C. sativa with 156 µg, 
followed by B. rapa with 87 µg, Z. mays with 66 µg and H. annuus with 53 µg. 
Treatment with EDDS enhanced these levels to 832 µg for C. sativa, 402 µg for H. 
annuus, 333 µg for B. rapa and 177 µg for Z. mays. Since our pot experiment was 
conducted with 1 plant per pot containing 1 kg of dry weight soil, these values also 
reflect the decrease per kg soil. Treatment with EDTA resulted in levels of 241 µg for 
C. sativa, 194 µg for H. annuus, 151 µg for Z. mays  and 120 µg for B. rapa.  Maximum 
1.3-1.5% of Cu mobilized by EDDS or EDTA (Table 8.2.) was also recovered in 
aboveground plant parts. 
 
4.2.4. Nickel (Ni) 
Two-anova revealed that the plants accumulated Ni in the following order: Z. mays (a) < 
B. rapa (b) < H. annuus (bc) < C. sativa (c). For the treatments, the following order was 
observed in the capacity to enhance Ni uptake: control (a) < EDTA (a) < EDDS (b).  
 
Overall extracted mass per plant varied between 7 and 50 µg in the control, between 29 
and 135 µg in the EDTA treated pots and between 58 and 235 µg per plant in pots 
treated with EDDS. Therefore, the use of EDDS combined with cultivation of C. sativa 
would result in a decrease of 0.235 mg.kg-1 over a period of 11 weeks. A maximum of 
1.3-1.7% of Ni mobilized in the soil by soil amendments were subsequently recovered 
in aboveground plant parts. The mobilized fraction, not taken up by the plant must 
return to more stable and less available soil fractions post harvest. Chen & Cutright 
(2001) observed concentrations exceeding 150 mg.kg-1 Ni in shoots of H. annuus upon 
treatment with EDTA. The difference in shoot accumulation between our and their 
experiment is mainly attributed to difference in soil substrate (pH, OM-content) and 
experimental conditions (spiked soil vs. equilibrated sediment).  
 
4.2.5. Lead (Pb) 
Pb accumulation in the plants was in the order: Z. mays (a) < H. annuus (ab) < C. sativa 
(b) < B. rapa (b). The effect of soil treatment on metal uptake was in the order: control 
(a) < EDDS (a) < EDTA (b). Kos et al. (2003) observed that EDTA enhanced 
accumulation of Pb more than did EDDS in three evaluated agronomic species. This is 
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in line with current findings. However, the same authors also found that Pb shoot 
concentration in C. sativa could be enhanced more by EDDS than by EDTA. This 
finding could not be confirmed in this experiment. 
 
The overall extracted mass, calculated by the produced biomass multiplied by the Pb 
content, varied between 3 and 19 µg per plant. The lowest extracted mass was observed 
for H. annuus, attributed to its low biomass production in our experiments. The highest 
extracted mass was observed for B. rapa. Treatment with EDTA resulted in the 
extraction of 75 µg by C. sativa, 69 µg by H. annuus, 51 µg by Z. mays and 45 µg by B. 
rapa. EDDS enhanced extraction up to 45 µg by B. rapa, 23 µg by C. sativa, 20 µg by 
Z. mays and 7 µg by H. annuus. A maximum of 1.1% of Pb mobilized by EDTA was 
recovered in the shoot. Schmidt (2003) reported that plants extracted on average 1% of 
soluble Pb after addition of EDTA or related substances. EDDS did not substantially 
mobilize Pb in the soil. Cunningham & Ow (1996) and Huang et al. (1997) reported 
induced hyperaccumulation of Pb in Z. mays (> 10,000 mg.kg-1 shoot dry weight) upon 
soil application of EDTA. Similar Pb-concentrations were reported by Blaylock et al. 
(1997) in Brassica juncea upon treatment with EDTA. No such dramatic increases 
could be observed in any of the tested species. The difference is attributed to differences 
in “phytoavailability” of heavy metals between substrates and the pollution level of the 
test soil.  
 
4.2.6. Zinc (Zn) 
Using two-way anova, Zn accumulation in the shoot proved to be in the order Z. mays 
(a) < C. sativa (b) < H. annuus (b) < B. rapa (b). Effect of the soil amendments on 
induced uptake was in the order: control (a) < EDTA (b) < EDDS (b). Kos et al. (2003) 
observed a similar increase in Zn uptake by four agronomic crops treated with EDTA or 
EDDS. In the current experiment as well, EDTA and EDDS were comparable in their 
ability to enhance Zn accumulation. 
 
The highest extracted mass of Zn in untreated plants was observed for B. rapa with 
1,500 µg extracted per plant (Fig. 8.1.). This implies a decrease in the soil of               
1.5 mg.kg-1 Zn. For the other species an extraction of 580 µg was observed for H. 
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annuus, 819 µg for Z. mays and 991 µg for C. sativa. Treatment with EDDS or EDTA 
resulted in the highest extracted mass for C. sativa with concentrations 2.9-3.3 times 
those observed in the untreated control, resulting in an extraction of 2,895-3,313 µg per 
plant. With a factor of 2.8-3.5, the observed increases for H. annuus were of the same 
order, resulting in the extraction of 1,633-2,042 µg Zn. For B. rapa, no increase was 
observed after treatment with EDTA and an increase by a factor 1.8 was observed upon 
application of EDDS. Extraction by Z. mays increased 1.9-2.0 fold following treatment 
and resulted in extraction of 1,594-1,668 µg. These concentrations are comparable to 
the untreated B. rapa plants. When we compare extracted mmolar amounts by 
mobilized amounts after soil treatment (Table 8.2.), we find that only 2.5% of mobilized 
Zn was effectively recovered in the shoot at the time of harvest. To prevent the 
remaining mobilized fraction from leaching, post harvest mobility is undesirable. The 
estimation of the relative fraction of Zn being assimilated and translocated was 
performed, taking into account soil solution concentration with and without addition of 
chelation, soil moisture content, shoot concentrations and biomass production. 
 
4.3. Implications for phytoextraction potential 
To make a first crude estimation of the potential phytoextraction capacity of the various 
agronomic species for the heavy metals under investigation, uptake performance in the 
comparative pot screening is multiplied by potential biomass production and divided by 
the mass of the top soil layer. This (speculative) extrapolation is meant to grant more 
insight in the general order of magnitude of the annually extracted mass of metals, when 
adopting a phytoextraction procedure for site remediation. However, it does not allow 
for predictive modelling as this would require the determination of the exact field scale 
performance. 
 
Biomass produced by phytoextracting crops is species and site dependent. Madejon et 
al. (2003) observed a shoot dry weight production for H. annuus of 24 t.ha-1 at a shoot 
density of 60,000 plants per hectare grown on heavy metal contaminated soil 
(Aznalcollar mine spill, Spain). Murillo et al. (1999) observed no growth depression for 
H. annuus cultivated on the same Aznalcollar soil substrate in comparison to unpolluted 
controls. Cabelguenne et al. (1999) reported a production of up to 13 t.ha-1 for H. 
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Zn Cu Cd Pb Ni
10 t ha
-1
20 t ha
-1
10 t ha
-1
20 t ha
-1
10 t ha
-1
20 t ha
-1
10 t ha
-1
20 t ha
-1 
10 t ha
-1
20 t ha
-1
A0 0.28 0.55 0.04 0.09 0.00 0.00 0.00 0.01 0.01 0.03
B0 0.37 0.75 0.03 0.07 0.01 0.01 0.00 0.00 0.01 0.01
C0 0.55 1.09 0.03 0.06 0.00 0.00 0.01 0.01 0.01 0.02
D0 0.10 0.19 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00
A1 0.93 1.85 0.07 0.13 0.01 0.02 0.02 0.04 0.04 0.08
B1 0.69 1.39 0.08 0.16 0.01 0.03 0.03 0.06 0.02 0.04
C1 0.78 1.56 0.06 0.13 0.03 0.06 0.02 0.05 0.02 0.04
D1 0.22 0.45 0.02 0.04 0.00 0.00 0.01 0.01 0.00 0.01
A2 0.82 1.65 0.24 0.47 0.00 0.00 0.01 0.01 0.07 0.13
B2 0.98 1.96 0.19 0.38 0.01 0.01 0.00 0.01 0.05 0.10
C2 0.90 1.79 0.11 0.22 0.02 0.04 0.01 0.03 0.03 0.06
D2 0.33 0.67 0.04 0.07 0.00 0.01 0.00 0.01 0.01 0.02
annuus in France. The EU-project Phyles estimates an annual biomass production per 
hectare for H. annuus at 10 t.ha-1 for the purposes of phytoextraction of heavy metals 
(Phyles, 2002). Cabelguenne et al. (1999) observed an annual biomass production per 
hectare for Z. mays of up to 29 t.ha-1 in France. Yang et al. (2004) reported a production 
of 20-25 t.ha-1 in Iowa. Hallam et al. (2001) observed total dry matter biomass 
productions for Z. Mays for the purposes of energy-cropping of 7-14 t.ha-1 and 12-18 
t.ha-1 at two separate test sites in Iowa. Phyles estimates for Z. mays an annual biomass 
production of 20 t.ha-1 for the purposes of phytoextraction of heavy metals (Phyles, 
2002). Cappelletto et al. (2001) observed a dry weight biomass yield of 10.5 t.ha-1 for C. 
sativa in Italy. Van der Werf et al. (1995) observed an annual yield of 12-19.4 t.ha-1 for 
the same species in the Netherlands. 
 
For all species, productions of 10-25 t.ha-1 were observed. Table 8.3. estimates the 
extraction potential of the four species for two levels of biomass yield and with or 
without the use of soil amendments for enhanced shoot accumulation. The shoot 
concentrations used for the calculations were those observed in the greenhouse 
experiment and reflect phytoextractable levels from calcareous dredged sediments. 
“Phytoavailability” of heavy metals in the soil substrate under study is expected to be 
suppressed by the soil carbonates, neutral to slightly alkalic pH, elevated organic matter 
content and soil texture (clay content).  
 
Table 8.3. Annual potential extraction rate of Zn, Cu, Cd, Ni and Pb (mg.kg-1 soil) for: 
A C. sativa, B H. annuus, C B. rapa, D Z. mays; treated with: 0 deionized water (ctrl), 1 
3 mmol.kg-1 EDTA, 2 3 mmol.kg-1 EDDS ; Intervals denote standard deviation (n = 3) 
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At a biomass production of 20 t.ha-1, untreated Z. mays would annually remove 0.2 
mg.kg-1 Zn and negligible traces of the other metals. At either 10 or 20 t.ha-1 all other 
agronomic species would extract substantially more Zn (0.3-1.1 mg.kg-1 soil), but still 
negligible amounts of the other metals. Treatment with EDDS or EDTA would result in 
an annual removal of 0.5-0.7 mg.kg-1 Zn by Z. mays or 0.8-2.0 mg.kg-1 by any of the 
other agronomic species. Cu removal would be stimulated most by application of 
EDDS, resulting in an estimated annual extraction of 0.1-0.5 mg.kg-1 by C. sativa, B. 
rapa and H. annuus. EDTA would be less effective, inducing removal of 0.06-0.16 
mg.kg-1 by the same species. Removal of Ni was also stimulated more by EDDS (up to 
> 0.1 mg.kg-1 soil) than by EDTA (< 0.1 mg.kg-1 soil). Removal of Cd and Pb was 
insufficient to consider for phytoextraction, even after application of chelating soil 
amendments.  
 
Z. mays exhibited biomass yields which corresponded with up to 2.5 times those 
observed in the other species. Practically this means, that although Z. mays exhibited 
distinctly lower accumulation of heavy metals in the shoots, it may still be applicable 
for phytoextraction purposes. However, in general the estimated phytoextraction 
potential of the four agronomic species with or without the use of soil amendments was 
still considered too low to make them practically suited for extraction of heavy metals 
from moderately contaminated calcareous sediments. Kos & Lestan (2004) also found 
that, although Cu accumulation was significantly enhanced by treatment with EDDS, 
the observed increases were deemed insufficient for phytoextraction purposes. Kos et al.  
(2003) made a similar observation for EDDS enhanced Pb removal by C. sativa. 
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5. Conclusion 
EDTA and EDDS demonstrated distinct differences in heavy metal mobilization 
patterns: EDDS mobilized more Ni and Cu than EDTA, EDTA on the other hand 
mobilized more Cd and Pb than EDDS. Zn mobilization was similar for both chelators. 
Ligand effect half-life, defined as the decrease in heavy metal mobilization in the period 
following soil treatment, varied considerably between the applied doses of EDDS. A 
swift decrease (t1/2 = 4.7 d) was observed for the lowest dose, while a quasi-persistence 
(t1/2 = 83 d) was observed for the highest. EDDS is considered to be a highly 
biodegradable compound (Schowanek et al., 1997), yet these data suggest that under 
less optimal conditions ligand and ligand effect persistence may increase dramatically. 
Ligand effect half-life of EDTA remained above 20 days for all treatments, with no 
significant decrease observed for the 3 mmol.kg-1 dose. These results caution against the 
use of EDTA for phytoextraction and against the untested and/or unmonitored 
application of EDDS.  
 
Administered four weeks before harvest, no depression in growth was observed for 
either soil amendment. In previous experiments, pre-sow treatments resulted in severe 
depressions in biomass production after EDTA treatment (Chapter 7). This confirms the 
hypothesis that soil amendments should be applied pre-harvest rather than pre-sow for 
optimal extraction. However, inappropriately postponing soil treatment increases the 
risk of post-harvest metal mobility and leaching. Appreciating the optimal time of 
application is an important perspective for future research. 
 
Pronounced effects on heavy metal accumulation were observed following treatment of 
the plants with EDTA or EDDS. These effects were in line with the findings with metal 
mobilization (cfr. supra): EDTA induced higher accumulation of Pb, while EDDS 
induced higher shoot concentrations of Cu and Ni. The effects on increased Zn uptake 
were similar for both chelators, while neither amendment had significant effect on Cd 
accumulation. However, the observed enhanced accumulation was considered 
insufficient for efficient removal of heavy metals from the calcareous clayey and 
moderately contaminated soil.  
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Z. mays exhibited by far the highest biomass productions, but the lowest shoot 
concentrations for all heavy metals. Because of its high biomass production and heavy 
metal tolerance, Z. mays may therefore be equally suited as the other crops for 
phytoextraction despite its lower observed accumulation levels. In general, overall 
extraction of heavy metals from the moderately contaminated calcareous soil was 
considered too low for all species under evaluation to consider for practical application 
of phytoextraction. In order to evolve towards a suitable technique which can compete 
with conventional soil remediation techniques, either the extraction efficiency requires 
to be further increased or the produced biomass needs to be economically valorizable 
(e.g. bioenergy production, phytomining of rare elements). 
 
The estimated phytoextraction potential of the four agronomic species with or without 
the use of soil amendments was still considered too low to make them suited for 
extraction of heavy metals from moderately contaminated calcareous sediments. 
However, these results are indicative for the extraction performance in a pot experiment 
grown on calcareous sediment, containing elevated levels of clay and organic matter. 
Evaluating the performance of these agronomic species with or without EDDS in other 
soil types (e.g. more sandy, more acidic) is of particular interest for future research.  
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1. Overview 
Phytoremediation or the use of plant based techniques is, in recent years, increasingly 
being pursued as a new approach for the remediation of contaminated soil, air and 
water. Phytoextraction is the extraction and subsequent accumulation of contaminants in 
harvestable plant parts. It offers the prospect of being an attractive, economic and non-
invasive alternative for a fraction of the polluted sites. It could become a non-intrusive, 
inexpensive means for the remediation of extended areas of land. In the current work, 
the applicability of phytoremediation for remediation of moderately contaminated 
calcareous dredged sediment derived soils was evaluated.  
 
In the first part, a range of selective single extraction procedures for assessing 
various metal fractions in the soils was evaluated. Single extractions can provide for 
useful rapid tools for preliminary assessment of heavy metal “phytoavailability” in the 
soil, based on physico-chemical soil composition and heavy metal extractability.  
 
The second part focuses on the use of willows in short rotation forestry for 
phytoextraction purposes. This application allows the economic valorization of 
contaminated sites by converting the produced biomass into renewable energy. A field 
experiment is conducted to test the feasibility of this approach on moderately 
contaminated dredged sediments. 
 
The third part of this work evaluates the use of complexing agents as soil 
amendments to increase metal concentrations in the soil solution of the rhizosphere and 
induce higher shoot accumulation of heavy metals. One of the particular objectives was 
to search for more degradable alternatives for EDTA, as the persistence of EDTA in the 
soil environment may lead to unacceptable metal mobilization after crop harvest. 
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2. Phytoavailability assessment 
2.1. Interrelationships between extraction procedures 
Currently a wide variety of extraction procedures are employed for assessment of 
“phytoavailability” of heavy metals in the soil. In order to be able to compare studies 
using different extraction procedures, the interrelationships between these procedures 
must be understood. A comparison was made between 13 commonly used single 
extraction procedures, performed on 29 soils varying in properties and metal contents. 
The evaluated procedures are: Rhizon extraction, 0.1 M NaNO3, 0.01 M CaCl2, 0.01 M 
Ca(NO3)2, 1 M NH4OAc (pH 7.0), 1 M NH4NO3, 1 M MgCl2, 1 M Mg(NO3)2, 
NH4OAc-EDTA (pH 4.65), DTPA (pH 7.3), 0.11 M HOAc, 0.1M HCl, 0.5 M HNO3. 
  
The following conclusions could be drawn: 
 Cluster analysis revealed that for Cd, Cu, Ni and Zn 0.1 M NaNO3 extraction 
clustered consistently with soil moisture concentration extracted by Rhizons. 
Rhizon extraction proved to be an elegant, easy and economic method for the 
extraction of soil solution and is recommended for future research in 
“bioavailability” research. 
 For all metals, 0.01 M CaCl2, 0.01 M Ca(NO3)2 and 1 M NH4NO3 extractions 
could be considered part of single cluster. For Cd, Cu and Zn this cluster was 
further expanded with the 1 M Mg(NO3)2 extraction.  
 For none of the elements, the differences between 0.01 M CaCl2 and 0.01 M 
Ca(NO3)2 extractable concentrations were significant, suggesting that at this 
extractant concentration the mobilizing effect of chlorides is insignificant in 
comparison to metal desorption by Ca.  
 Extractions with 1 M MgCl2 and 1 M NH4OAc exhibited intermediate behaviour 
between the more aggressive extractants based on complexing agents and the 
weaker extractants based on weak salts.  
 Single extractions with high ionic strength exhibiting low extractability towards 
Pb proved difficult to analyse as they were below detection limit for Inductively 
Coupled Plasma – Optical Emission Spectrometry (10 µg.l-1), while high salt 
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concentrations of these solutions were inhibitive for analysis with more sensitive 
Graphite Furnace – Atomic Absorption Spectrometry. Lebourg et al. (1996) also 
found salt solutions to be of limited use for evaluation of Pb in soils. 
 All acid based extraction procedures (0.5 HNO3, 0.1 M HCl, 0.11 HOAc) as 
well as the acidic NH4OAc-EDTA extraction correlated closely and 
significantly with pseudo-total content as estimated by aqua regia digestion. 
Literature indications stating that these procedures reflect active or exchangeable 
metals or metals released by moderate acid attack can be misleading.  
 For future reference, extractable levels of Cd, Cu, Ni, Pb and Zn in 12 
uncontaminated soils with different soil composition were analyzed using the 13 
single extractions (Table 3.3-3.7., Chapter 3). 
 
2.2. Correlation with plant uptake 
Plant accumulation was evaluated in Phaseolus vulgaris as selected test species. 
Correlation with the various extraction procedures was subsequently assessed. The 
results are summarized in Table 3.16. (Chapter 3). Although correlations between single 
extractions and plant uptake are thought to be plant species and even cultivar specific, 
the current work grants some insights in the relationships between extractable 
concentrations in the soil and levels accumulated in aboveground plant parts. 
 
 The pseudo-total content and the aggressive chelate based and/or acidic 
extractants did not suffice to predict uptake of Cd, Zn or Ni. (Pseudo-)total 
content is an insufficient measure for full evaluation of these metals in the soil. 
Cu and Pb uptake on the other hand was found to correlate significantly with 
pseudo-total content as well as with all aggressive extraction procedures over the 
range of tested soils. 
 Cd accumulation exhibited good correlation with Rhizon extractions and with 
single extractions based on unbuffered nitrate salt solutions or 0.01 M CaCl2. A 
similar observation was made for Zn, yet for this element the 1 M NH4OAc and 
1 M MgCl2 also provided for significant interactions. The best prediction for Ni 
was observed in the cluster containing CaCl2, Ca(NO3)2 and Mg(NO3)2. 
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 In general, the 0.01 M CaCl2 extraction procedure proved to be the most 
versatile as it provided for a good indication of “phytoavailability” of all five 
metals under evaluation. In accordance with other research groups (Pueyo et al., 
2004; Sahuquillo et al., 2003; Houba et al., 1996, 2000; Lebourg et al., 1996; 
Novozamsky et al., 1993) we therefore recommend the use of this procedure for 
evaluation of plant available heavy metals in the soil and recommend its 
implementation in legal frameworks in addition to criteria based on total soil 
content. The relatively low salt concentration in comparison with the other salt 
based extraction procedures also allows analysis using more sensitive Graphite 
Furnace – Atomic Absorption Spectrometry, which can be of particular 
importance for metals such as Pb. 
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3. Salix spp. for phytoextraction of dredged sediments 
Phytoextraction of heavy metals from moderately contaminated calcareous dredged 
sediments by Salix spp. was evaluated in a field trial and in pot experiments.  
 
3.1. Field evaluation 
 Even on a freshly dredged, waterlogged, inaccessible substrate, the introduction 
of a willow stand proved to be possible. Application of the SALIMAT technique 
(De Vos, 1996) allowed for the introduction of a vegetative cover with high 
plant density early on in the process. In this manner, competition by weeds and 
colonization by herbivorous mammals could be avoided.  
 Important from a plant-production perspective, dredged sediments are generally 
very rich in nutrients. This was corroborated in both the field and pot 
experiments. Plant available P, Ca, Mg, K and Na were all, based on NH4OAc-
EDTA extractable levels, very high. Since phytoextraction efficiency of heavy 
metals can be defined as the produced biomass times the metal content 
contained within this biomass, optimal growth conditions favour optimal 
extraction. In accordance with the good nutritive state, a remarkable dry weight 
production of 13.2 – 17.8 t.ha-1.y-1 was observed in the field trial. As described 
by Vervaeke et al. (2003) the produced willow biomass can be converted into 
renewable energy, allowing for economic valorisation of these sites during the 
remediation process. 
 Due to the manner of substrate introduction in a dredged sediment disposal site, 
a texture gradient is usually imposed on the field. This gradient in the field may 
have some repercussions on the applicability of phytoremediation. In practice 
this implies that the least contaminated portion of the field can be 
decontaminated using the cheaper phytoremediaton techniques, while the 
remaining more severely contaminated hot spots can be remediated using the 
more expensive conventional techniques. This way, overall remediation costs 
could be reduced dramatically. Remediation of the entire test site to below 
criteria for re-use as soil would take 83 years, which is an excessively long time. 
However, a period of 11 years would already suffice to reduce the heavy metal 
load to below legal criteria in 42% of the field. 
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 In the assessment of the total mass of heavy metals that could be extracted by 
the plants per year, only Cd and Zn were considered to be removed in sufficient 
amounts to consider for (phyto)remediation. Uptake of the other elements 
remained too low to consider for efficient removal. Maximum estimated 
extracted levels for the other metals were 220 g.ha-1.y-1 for Cu, 9.3 g.ha-1.y-1 for 
Pb, 5.9 g.ha-1.y-1 for Cr, 20.6 g.ha-1.y-1 for Ni. Based on observed biomass yield 
and uptake in harvestable plant parts, realistic annual removal per hectare for Zn 
and Cd was estimated to be situated between 5.0 – 8.3 kg.ha-1 Zn and 0.08 – 
0.127 kg.ha-1 Cd. Assuming a linear decrease over subsequent years, this would 
result in an average annual decrease from the top soil layer (25 cm) of 1.4 – 2.4  
mg.kg-1 Zn and 0.024 – 0.036 mg.kg-1 for Cd.  
 These modest annual removal rates imply the technique only to be feasible for 
(i) sites moderately exceeding legal criteria, for (ii) sites economically 
undesirable for land use in other sectors or for (iii) the reduction of the 
“phytoavailable” fraction, e.g. from heavy metal enriched agricultural soils.  
 When considering the application of tree species for phytoextraction of heavy 
metals, the fraction of heavy metals sequestered in the leaves is of particular 
importance. This fraction was observed to be 49% for Cd, 34% for Cu, 49% for 
Pb and 62% for Zn. For optimal metal removal, the foliar material has to be 
harvested as well. However, this implies SRC rotation periods of one year and 
harvest during the active growing season before leaf fall. This may impair plant 
vigour, the ability to resprout from the cut stumps and may ultimately affect 
annual yield. The possible detrimental effects of one year rotations and harvest 
during active growth need to be assessed in future research. 
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3.2. Comparative screenings 
In order to optimize extraction by willow clones, a total of seven willow species and 
clones were evaluated in two separate screeninsg for their potential to accumulate heavy 
metals.  
 
 In a field screening Salix dasyclados ‘Loden’ exhibited significantly better 
performance for the removal of Cd and Zn than Salix viminalis ‘Orm’ and Salix 
schwerinii x Salix viminalis ‘Tora’.  
 In the pot experiment, three clones Salix schwerinii ‘Christian’, Salix fragilis 
‘Belgisch Rood’ and Salix dasyclados ‘Loden’ exhibited promising potential 
regarding Cd extraction. In addition, ‘Christian’ and ‘Loden’ demonstrated the 
highest Zn extraction. Further field validation of these results will be required to 
ascertain the most suitable species for removal of Cd and Zn. A multiclonal 
combination of well-performing clones is to be preferred over the use of 
monoclonal stands in order to avoid or reduce pathogen or pest induced 
pathological effects. 
 A first estimation of the order of magnitude of Cd and Zn that can be extracted 
per year with these clones, resulted in 8-31 kg.ha-1 for Zn and 0.25-0.65  kg.ha-1 
for Cd. This corresponds with reductions in the top soil layer (25 cm) with 2.4 – 
8.6 mg.kg-1 for Zn and 0.07-0.20 mg.kg-1 for Cd, depending on the soil type and 
pollution level, with the sandy acidic soil (A3) inducing higher accumulation 
than the moderately contaminated calcareous soil (A1). Further field validation 
is required to ascertain phytoextractable levels more precisely.  
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4. The use of soil amendments for enhanced phytoextraction 
Another strategy in phytoextraction involves the stimulation of heavy metal uptake in 
agronomic crop species with high annual biomass yield. Induction of heavy metal 
accumulation in the shoots can be achieved by applying soil amendments which 
increase the “phytoavailability” of heavy metals. Previous research has focused 
predominantly on the application of EDTA for enhancing phytoextraction on heavily 
polluted soils. However, considering its high environmental persistence the use of 
EDTA context is questionable. Citric acid and EDDS were studied as potentially more 
biodegradable alternatives for EDTA. To assess the longevity of mobilization effects of 
soil amendments, water extractable levels of heavy metals were evaluated in sediments 
treated with increasing levels.  
 
Metal extraction by Helianthus annuus from a moderately contaminated dredged 
sediment was evaluated after soil treatment with EDTA, citric acid or EDDS. In 
addition, the effect of EDTA and EDDS on accumulation in H. annuus, Cannabis 
sativa, Brassica rapa and Zea mays was examined. Finally, the effect of EDDS 
treatment on phytoextraction by S. dasyclados ‘Loden’ was evaluated in three different 
soil types.  
 
4.1. Heavy metal mobilization 
 After treatment with EDTA, soluble metals increased with a factor of up to 600 
for Cu, 2,600 for Zn, 2,300 for Cd and 20,500 for Pb for the highest applied dose 
(10 mmol.kg-1).  
 Citric acid applied at a dose of 250 mmol.kg-1 achieved a similar mobilization as 
1 mmol.kg-1 EDTA. A dose of 500 mmol.kg-1 resulted in an equivalent release 
of metals as 10 mmol.kg-1 EDTA. However, the required dose for carbonate 
dissolution in the top 25 cm were estimated to be 325 tons of citric acid per 
hectare, making acidification by organic acids practically infeasible for 
calcareous dredged sediments. 
 Mobilization patterns of heavy metals in soils treated with EDDS differed 
distinctly from those treated with EDTA. Zn mobilization was comparable for 
both substances, Cu was mobilized more by EDDS than by EDTA, Cd and Pb 
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were mobilized more by EDTA than by EDDS and initial mobilization of Ni 
was highest for EDDS but was overtaken by EDTA as time progressed. 
 
4.2. Effect half-life 
 In bulk soil experiments, virtually no decrease in metal mobility was observed in 
the 28-40 day period following EDTA treatment regardless of the applied dose 
(1-10 mmol.kg-1). In accordance with literature reports, mobilization induced by 
this substance was considered to be too persistent for field application on 
contaminated soils.  
 Conversely, effects induced by citric acid rapidly decreased after initial 
mobilization, due to its high biodegradability. Observed effect half lives varied 
between 1.5-5.7 days for applications ranging from 50 to 500 mmol.kg-1 soil. 
Water extractable metals in soils treated with lower doses of citric acid returned 
to initial levels within seven days. Despite the rapid decay of metal mobilization 
by citric acid, it nevertheless proved to be a poor alternative for EDTA in 
calcareous dredged sediments because of the amounts required for dissolving the 
carbonate buffering capacity.  
 EDDS induced mobilization on bulk soil exhibited a half life of 3.8-7.5 days, 
resulting in a sufficiently rapid decay (Chapter 7). However, in a second 
experiment (chapter 8) conducted in small (100 ml) closed containers, which 
were periodically opened for sampling, half-lives dramatically increased to 24 
and 83 days for pots treated with 3 – 5 mmol.kg-1 respectively. This reduced 
chelate degradability under less optimal conditions is in contrast with the other 
pot experiments and requires further examination. 
 In rhizosphere soils, post-harvest effect half-lives decreased considerably, with 
observed values in the range of 13-20 days for EDTA and less than 6.6 days for 
EDDS treated pots. The considerable differences observed for EDTA between 
bulk soil experiments and planted pot experiments deserves further attention.  
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4.3. Plant uptake 
 Pre-sow treatment with EDTA or citric acid resulted in severe growth depression 
in H. annuus, whereas treatment towards crop harvest resulted in no observed 
depression in growth. The rationale dictates that the closer the treatment is 
applied towards the time of harvest, the lower the expected reduction in 
biomass.  
 Conversely, experiments regarding accumulation kinetics (Chapter 7) revealed 
that pre-harvest treatment on the substrate should be applied at least three weeks 
before harvest. In addition, effects induced by the amendments must be 
attenuated sufficiently by the time that the crop is removed from the soil. 
Selection of the moment of amendment application is therefore function of 
effects on biomass production, effect half-life and plant accumulation kinetics. 
 Although significant increases in shoot metal concentrations were observed in 
all four EDTA treated agronomic crops compared to the untreated controls, the 
effects were deemed insufficient for efficient phytoextraction. Observed levels 
remained below 11 mg.kg-1 for Cd, 30 mg.kg-1 for Cu, 15 mg.kg-1 for Ni, 10 
mg.kg-1 for Pb and 350 mg.kg-1 for Zn for soils treated with 1-5 mmol.kg-1 
EDTA. Higher concentrations were observed in H. annuus after pre-sow 
treatment, with shoot concentrations up to 17 mg.kg-1 Cd, 142 mg.kg-1 Cu, 1,217 
mg.kg-1 Zn and 70 mg.kg-1 Pb. However, higher accumulation levels in pre-sow 
treatment were compensated by severe growth depressions.  
 Citric acid failed to induce significant metal uptake by H. annuus, both in pre-
sow and pre-harvest treatments. 
 EDDS combines a short lifespan with the ability to induce metal shoot 
accumulation. Particularly Cu and Ni uptake were induced more than by EDTA. 
Shoot concentrations of up to 75 mg.kg-1 Cu and up to 25 mg.kg-1 Ni were 
observed in H. annuus following treatment with 1-5 mmol.kg-1 EDDS. Similar 
experiments with Salix dasyclados ‘Loden’ with or without soil treatment with 
2.5 mmol.kg-1 EDDS on three different soils, also resulted in significant 
increases of Cu and Ni uptake in all soils in addition to Cd and Zn in one of the 
soil substrates.  
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 Induced effects were found to be very soil specific. Moderately contaminated 
calcareous dredged sediments failed to show high accumulation of heavy metals 
in the shoot, with or without with any of the soil amendments. Reversely, S. 
dasyclados grown on a slightly acidic sandy soil with low total content of these 
metals (28 mg.kg-1 Cu, 275 mg.kg-1 Zn and 5.5 mg.kg-1 Cd) attained foliar 
concentrations of 55 mg.kg-1 Cu, 2,668 mg.kg-1 Zn, 49 mg.kg-1 Cd mg.kg-1. 
Also, EDDS induced effects on shoot accumulation were found to be very soil 
specific (Chapter 5). 
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5. General conclusions 
Single extractions can offer preliminary insights in “phytoavailability” of heavy metals. 
However, harmonization and standardization is required within the wide variety of 
existing procedures. The current study offers insight in the interrelationships between 
13 commonly used procedures and also offers reference values for extractable levels 
under uncontaminated conditions. The study also includes an overview of which 
procedure significantly correlates with accumulation in the shoot for each metal. 
 
The most versatile single extraction for “phytoavailability” assessment of Cd, Cu, Ni, 
Pb and Zn was considered to be the 0.01 M CaCl2 extraction procedure. No significant 
differences were observed between this procedure and 0.01 M Ca(NO3)2 extraction, 
which suggests that the chloride anion had no significant effect at the extractant 
concentration used. Further complementary information in soil evaluation can be 
obtained by Rhizon extraction, which has proven to be an elegant, easy to handle and 
cost-effective method for soil solution extraction. 
 
Salix spp. combined good Cd and Zn extraction performance with high biomass 
production. In addition, the produced biomass production can be used for generation of 
renewable energy, which allows for economic use of moderately contaminated sites. 
The best performing clones concerning Cd and Zn removal were Salix dasyclados 
‘Loden’, Salix fragilis ‘Belgisch Rood’ and Salix schwerinii ‘Christian’. Annual 
estimated removal with these clones varied between 8-31 kg.ha-1 for Zn and 0.25-0.65 
kg.ha-1 for Cd. The other heavy metals under investigation (Cu, Cr, Ni and Pb), were 
not sufficiently taken up to qualify for phytoextraction. 
 
EDDS and EDTA released similar amounts of heavy metals into the soil solution, 
however their mobilization patterns differed. Zn mobilization was comparable for both 
substances, Cu was mobilized more by EDDS than by EDTA, Cd and Pb were 
mobilized more by EDTA than by EDDS and initial mobilization of Ni was highest for 
EDDS but was overtaken by EDTA as time progressed. 
 
Due to the quantities required, application of citric acid proved to be practically 
infeasible for enhanced phytoextraction from calcareous dredged sediments.  
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Observed biodegradability of EDDS was generally high, while EDTA proved to be 
recalcitrant. Howevever, observed effect half-lives of EDTA were considerably reduced 
in rhizosphere soils compared to bulk soil experiments. Also, evaluation of effect half-
lives of EDDS under less optimal conditions resulted in relatively high persistence of 
metal mobilization. Both effects deserve further attention. 
 
Moderately contaminated calcareous dredged sediments failed to induce sufficient 
accumulation of heavy metals in the shoots of agronomic crops, with or without 
treatment with any of the soil amendments.  
 
Conversely, the effects of EDDS on Cd, Zn and Cu removal from S. dasyclados Loden 
in an acidic, sandy slightly contaminated soil are promising for further research. 
 
Taking extraction performance into account, applicability of phytoextraction is limited 
to (i) moderately contaminated sites, (ii) sites with no alternative (economic) use, (iii) 
sites in which phytoavailable fraction of contaminants needs to be surpressed, e.g. 
agricultural lands with elevated levels of Cu or Zn due to overfertilization. 
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6. Future perspectives for phytoextraction research 
The following section presents some of perspectives for future research based on the 
current experience and findings. 
 
6.1. Pot experiments and field validation 
Results obtained in the various pot experiments require further field validation. 
Theoretical extrapolation from pot experiments to field scale allows for initial and 
preliminary estimation, yet needs to be approached with caution. Observations from pot 
experiments can vary from field scale performance because of a number of reasons: 
• The efficiency of soil amendments can be higher in pots because plant roots 
explore potted soil very intensely and are always in contact with the soil 
amendments (Kayser, 2000). 
• In addition, soil in pots is not in contact with underlying or adjacent volumes of 
soil, which could otherwise allow diffusion of dissolved heavy metals. 
• In most short term pot experiments plants are either harvested in early growth 
stage or their growth is curtailed. Plants generally accumulate higher heavy 
metal concentrations in early plant stages. Evaluation based on pot observations 
could therefore overestimate effective performance in the field (Kayser, 2000).  
• Soil aeration under field conditions may be more favourable for efficient 
biodegradation of soil amendments as opposed to pot experiments. This can 
have an effect on the exposure period of plant roots to mobilized heavy metals, 
but can also lead to short half-lives and consequently lower post-harvest risks of 
leaching (Chapter 8).  
• Environmental, hydrological, climatological, soil structural and biological 
conditions in the field are subject to variability, whereas these conditions have 
been standardized at optimal levels in greenhouse experiments. 
• Heterogeneity in soil pollution troughout the soil profile under field conditions 
can lead to additional variability. Furthermore, one of the most important 
mechanisms of facultative metal tolerance is a considered to be avoidance, in 
which plant roots avoid soil regions with high pollutant concentrations 
(Dickinson et al., 1991; Watmough & Dickinson, 1995). Heterogeneous 
Chapter 9. General discussion, conclusions and future perspectives 
 284 
pollution patterns could therefore result in reduced accumulation through 
avoidance. 
• Reversely, plants in pot experiments could encounter nutrient deficiencies more 
rapidly than experienced under field conditions. Limiting nutritional state could 
potentially decrease assimilation of minerals from the soil, including heavy 
metals.  
• Plant growth in pots is also essentially lower than under field conditions 
(Schmidt, 2003), which can decrease overall metal extraction per plant.  
 
However, pot experiments are valuable tools for the development of new 
phytoremediation strategies. This rapid, low-cost approach can test different soils and 
crops in combination with different amendments, and can test appropriate concentration 
levels and different applications of these agents (Schmidt, 2003). 
 
The current use of spiked soils in pot experiments by many phytoremedation scientists 
can lead to very dubious overestimations of phytoextraction performance. Artificially 
contaminating soils by supplying heavy metals in the form of soluble salts, leads to 
favourable metal fractionation and elevated initial “phytoavailability” (Kos et al., 2003). 
To gain insight in actual performance and applicability, naturally equilibrated soils must 
be employed. 
 
6.2. Long term validation 
Most experiments conducted in the field are short term evaluations in which annual 
decrease in the top soil layer is estimated from the total mass of heavy metals contained 
within harvestable biomass. However, after field performance has been deemed 
adequate in short exepriments, long term validation of observed performance is 
required. The following aspects need to be ascertained: 
• Additional field evidence is required to validate that theoretical decreases in the 
soil, based on the mass balance of extracted metals contained in harvested 
biomass, also correspond with actual observations in the soil.  
• In phytoextraction calculations a linear decrease of heavy metal content in the 
top soil is usually assumed. However, it is conceivable that annual removal is 
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not constant but a function of the remaining load heavy metals in the soil. Long 
term performance may therefore deviate from short term extrapolations. 
• It has not yet been sufficiently established whether it is possible to deplete or 
subdue actual “phytoavailable” fractions in the soil by intensive phytoextraction. 
Although hitting statutory targets may be technically important, depletion of the 
“phytoavailable” pool may also be of particular importance to reduce 
environmental impact of polluted soils, even when total concentrations would 
not decrease in a proportional manner. 
 
6.3. Alternatives for EDTA in enhanced phytoextraction 
Persistent mobilization of heavy metals in the top soil layer cannot be condoned in light 
of risks involved with leaching. Enhanced “phytoavailability” within the rhizosphere 
can only be acceptable if its intensity and duration can be fully managed. Further studies 
in the use of plant siderophores, metallothioneins, phytochelatins, organic acids, 
inorganic agents, fertilizers, degradable aminopolycarboxylic acids and amino acids 
involved in metal tolerance and/or transport pathways offer interesting perspectives. An 
extensive overview of potential alternatives for EDTA has been presented in Chapter 2. 
 
6.4. Potential of ‘cocktail’ treatments for additive effect 
An interesting approach could also be the development of ‘cocktail treatments’ in which 
components that enhance heavy metal ”phytoavailability” by different mechanisms 
could be used in combination to achieve additive effects. For example, Pb uptake in 
EDTA-treated Brassica juncea increased five-fold, whereas combined application of 
EDTA and glyphosate resulted in a 15-fold increase (Kayser et al., 1999 cited in 
Schmidt, 2003). The additive effect was attributed to disruption of plant metabolism by 
the herbicide. Blaylock et al. (1997) reported substantial increase in Pb of B. juncea 
when EDTA application was accompanied by a decrease in pH. This was explained by 
lower cell wall retention of Pb as lead carbonate at lower rhizosphere pH. 
 
6.5. Potential of foliar treatment for enhanced phytoextraction 
The potential use of foliar amendments to enhance mineral absorption and/or 
translocation offers prospects for complementing or substituting soil amendments for 
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enhanced phytoextraction purposes (Meers & Tack, 2004). Over the last decades, foliar 
application of mineral nutrients has become an established agricultural practice to 
increase crop yield and quality (Römheld & El-Fouly, 1999). There have been various 
reports that foliar application can increase plant mineral uptake more than can merely be 
attributed to the fertilizer content in the amendment. It has been widely accepted that 
foliar fertilization can promote nutrient uptake by roots (Römheld & El-fouly, 1999; 
Baier & Baierova, 1999). Fernandez-Escobar et al. (1996) observed increased yield and 
nutrient composition upon foliar application of fulvic and humic acids. Promoting 
activity of these substances has been attributed to the presence of plant hormone-like 
materials in the humic substances (Casenave de Sanfilippo et al., 1990). 
 
Pich & Scholz (1996) demonstrated increased Cu translocation in a nicotianamine-less 
Lycopersicum esculentum plant upon foliar application of NA. Blaylock et al. (2001) 
reported the use of both soil and foliar amendments to enhance heavy metal uptake. The 
EPA (2000) has also reported on the use of foliar amendments on B. and H. annuus for 
enhanced Pb-extraction at the open burn and open detonating area of the Ensign-
Bickford Company in Simsbury, Connecticut. Although no specification was made 
concerning the chemical composition of the foliar formula used in the EPA-report, it 
was described as “containing site-specific foliar compounds designed to enhance 
removal of Pb from the soil and enhance uptake and translocation into harvestable 
above-ground plant tissue”.  
 
An explorative study towards proving or disproving the hypothesis was provided by 
Meers & Tack (2004). Comparison of three aminopolycarboxylic acids (EDTA, NTA, 
DTPA), three organic acids (citric acid, oxalic acid, Ca-acetate), cystein and NH4SCN 
applied to H. annuus yielded a possible interaction for Mg-EDTA. The observed total 
metal content in Mg-EDTA treated plants was 32% higher than the control. However, 
the increase was not significant at the 0.05 level (p = 0.108). Further research is 
required with other plant species, with other technical means of foliar application, with 
different composition of amendment medium (e.g. use of surfactants) and with different 
soil treatments in combination with foliar application. 
 
Chapter 9. General discussion, conclusions and future perspectives 
 287 
6.6. Preventing metal and nutrient leaching in enhanced phytoextraction 
Enhanced phytoextraction by applying mobilizing agents can only be acceptable when 
sufficient guarantees can be provided that vertical migration is prevented.  
• The prerequisite to maintain hydrological balances in chelate amended soils has 
been described in Chapter 7. This aspect requires further study, including the 
evaluation of the movement of water and solutes in the soil under the active 
phytoextraction crop. 
• Technical and financial impediments of sheltering treated soil (in case of 
excessive rainfall) under field conditions remain to be evaluated.  
• Kos & Lestan (2004) proposed implementation of a horizontal permeable barrier 
consisting out of apatite, vermiculite and sawdust under the plough layer to 
provide additional safeguards against leaching. 
• More precise placement of soil amendments in the root zone, rather than wide 
field application might enhance extraction efficiency, reduce the required dosage 
per hectare and ultimately decrease risks of leaching. This could potentially be 
achieved by direct injection into the root zone or by drip irrigation of the 
dissolved treatment at the plant base. Furthermore, this strategy could be 
combined with partial sheltering of the soil at the locations of amendment 
application. 
• The ‘chemical handbrake’ aims to chemically re-stabilize chelate assisted 
mobilization, e.g. to prevent leaching after harvest or in case of excessive 
rainfall. The use of carbonates, phosphates or hydroxides failed to result in 
precipitation of EDDS chelated heavy metals, while application of a sulphide 
solution resulted in instantaneous precipitation of chelated metals (unpublished 
data). These findings deserve further evaluation in pot and column experiments. 
Another example could be the alternating application of acidifying agents (e.g. 
organic acids) during the growing season and liming agents to prevent leaching 
in autumn and winter. Finally, application of organic matter may partially re-
stabilize mobilized metals through sorption and complexation. Organic matter 
amendment can also increase the amendment degradability (Tiedje, 1975), 
thereby shortening the amendment effect half-life. 
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6.7. Agronomic aspects of phytoextraction 
The current research has focused predominantly on the ecochemical side of metal 
removal. However, agronomic practices will also have an important impact on 
phytoextraction performance. 
• Plant density can play a role in distribution between aboveground and below 
ground biomass in turnip producing plant species, such as B. rapa. Depending 
on metal accumulation in shoot and turnip, with or without the use of inducing 
agents, the selected plant density in phytoextraction crops can therefore differ 
from conventional agronomic practices aimed at maximizing turnip production. 
• Rooting patterns are inertly dependent on plant choice. For example, some 
plants have clustering roots whereas others have tapping roots. Conditions such 
as water content, nutrients limitations, soil compaction and rootzone aeration 
also influence the rooting patterns. This can affect the effective action depth of 
the phytoextraction stands. In the current study, the extraction depth has been 
conservatively set at 25 cm for mass balance calculations. However, plant 
selection and tillage techniques can considerably increase this depth. B. juncea 
roots in the top 25 cm of the soil, while grasses can go four times as deep. 
Alfalfa can reach depths of 1.3-2 m and long standing poplars 5 m (EPA, 2000). 
Ploughing can also induce mixing of the top 60-70 cm. 
• The optimal rotation schedule for heavy metal harvest requires further study. 
Some studies propose multiple short croppings rather than a single crop over the 
duration of the growing season. The rationale behind this approach is that young 
plants tend to accumulate higher mineral loads. Conversely, multiple croppings 
may reduce total annual biomass yield. The most optimal schedule therefore 
needs to be ascertained. Also, the most optimal sequence for plant selection 
during the growing season and for cover during autumn and winter needs to be 
assessed. 
• In the same regard, further study is required to ascertain the most optimal soil 
treatment time. Application time is function of (i) potential induced phytotoxic 
effects, including growth depression, (ii) amendment degradability in the soil (to 
avoid post-harvest mobility and leaching), (iii) shoot metal accumulation 
kinetics (Chapter 7).  
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• Fertilizer needs of phytoextraction crops and the potential effects on soil 
chemistry of heavy metals need to be determined. Intensive cropping may 
require additional input of macronutrients. Flanders and the Netherlands are 
characterized by a serious over-production of animal manure. Increased 
nutritional requirement is therefore not considered an impediment for 
phytoextraction cropping in this region. On the contrary, extending the arable 
surface area in Flanders with cropping on moderately contaminated sites for 
phytoremediation and/or renewable energy purposes would allow the disposal of 
some the excess of pig manure at a rate of 25,000 – 30,000 l.ha-1. The 
combination of phytoremediation and renewable energy production on 
moderately contaminated sites receiving high loads of animal manure could 
therefore simultaneously help to solve three environmental issues in Flanders. In 
addition, increased metal uptake after fertilization with high loads of animal 
manure has been reported by several authors (Patel & Patel, 1992; Japenga et al., 
1992; Almas & Singh, 2001). This enhanced metal uptake can be explained by 
elevated levels of dissolved organic carbon and chloride in animal manure, 
which increases solubility of Cd, Cu, Ni, Pb and Zn in the rhizosphere. 
However, pig manure also contains elevated levels of Cu and Zn, making this 
fertilizer unsuitable for soils contaminated with these metals. 
• Clones and cultivars selected for their metal accumulation potential need to be 
evaluated under field conditions for sensitivity towards pathogens and pests. 
From a phytopathological perspective, multiclonal willow stands or agronomic 
crops with multiple cultivars are preferred over stands/crops containing only one 
clone or cultivar. Interspecific competition also requires attention when using 
multiple clones/cultivars. 
• As has been discussed in Chapter 4, optimal phytoextraction with Salix spp. 
requires harvest of foliar material as well. The effects of harvesting willows 
while still carrying leaves needs to be assessed further. More specifically, the 
effects on biomass yield, plant vigour and plant density are still subject to debate 
(cfr. Chapter 2, Chapter 5). In addition, the implementation of 1-year rotations, 
as opposed to longer rotation periods needs to be evaluated. Finally, alternative 
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strategies of collecting foliar material prior to or after harvest need to be 
pursued.  
 
6.8. Combination of enhanced phytoextraction with electroreclamation 
Electroreclamation or electrokinetic remediation involves the passage of a low intensity 
current between electrodes placed vertically in the soil. Because of the current, water is 
drawn through the soil pores towards the cathode by electroosmosis, while ions such as 
metal cations move to the cathode by the process of electromigration. O’Oconnor et al. 
(2003) demonstrated that implementation of an electrical field did not induce negative 
effects on plant growth. The use of mobilizing agents, such as EDTA, has been reported 
in electrokinetic research (Juang & Wang, 2000). The combination of electrokinetics 
with phytoextraction could potentially offer the following advantages over the use of 
any of these techniques separately: 
• Electrokinetics induce soil acidification towards the anode which strongly 
enhances phytoavailability and metal mobility.  
• Release of organic acids and protons by plant roots can further enhance metal 
mobility in the rhizosphere compared to bulk soil. Elevated mobility may 
enhance electrokinetic removal. 
• Hydrological control by the plant system can serve to prevent leaching of 
mobilized heavy metals.  
• When further increasing system performance by chelate induced mobilization, 
risks of leaching are be reduced by (i) plant uptake, (ii) plant stimulated 
microbial degradation and by (iii) anodical chelate oxidation of the chelate. 
Johnson et al. (1972) observed anodical oxidation of EDTA into CO2, 
formaldehyde and ethylenediamine. The combination of these mechanisms 
result in a shorter presence of chelates in the rhizosphere and therefore in a more 
manageable temporary mobilization in the top soil layer. 
 
This combination deserves further attention. In particular, practical and economic 
aspects, the evaluation of the risk for leaching during the procedure, as well as post-
harvest metal mobility need to be assessed.  
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6.9. Ecotoxicological assessment of phytoextraction techniques 
Soil remediation by phytoextraction techniques needs to be subjected to a thourough 
ecotoxicological study. In addition to the risks concerning leaching, which have been 
described in previous topics, the following ecological issues require further attention.  
• Amendment induced metal mobilization can potentially have detrimental effects 
on soil micro- and macrobiota. The duration and intensity of the induced 
depression should be evaluated. Additional effects of reduced microbial activity 
due to heavy metal mobilization may include (i) a lower rate of chelate 
biodegradation and (ii) a reduction in the natural attenuation of organic 
pollutants. This second aspect is of particular importance in co-contaminated 
soils and sediments, exhibiting elevated levels for both heavy metals and organic 
pollutants. Dredged sediments are generally characterized by a contamination 
with a broad range of pollutants. Enhanced removal of one of these may not be 
at the cost of reduced removal for the others. 
• Inducing shoot accumulation in aboveground plant parts entails several risks for 
introduction into the foodchain by herbivores. If herbivory poses specific 
problems, pesticides may be required to prevent excessive insect proliferation. 
• Migration of leaves containing elevated levels of heavy metals to adjacent sites 
after leaf fall may pose specific threats for contaminant diffusion. Vervaeke 
(2004) stated that the mass of heavy metals which may migrate upon abscission 
was insignificant in comparison to annual atmospheric deposition. However, 
when inducing higher accumulation levels in Salix spp. by means of soil 
amendments, these threats may become more significant.  
• When foliar material is not removed from the site, the elevated levels of heavy 
metals contained within, may accumulate in the top soil layer. Rather than 
removing the heavy metals, willows could then pump them up from deeper soil 
layers and concentrate them in the top soil layer. Apart from the obvious 
undesired effect on total soil content, metal accumulation in the organic forest 
layer may ultimately result in lower microbial activity, reduced organic matter 
mineralization and disrupted biological processes in the forest floor. 
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6.10. Processing metal containing biomass 
Strategies for handling biomass containing elevated levels of heavy metals include (i) 
incineration, (ii) pyrolysis and (iii) anaerobic or aerobic composting. The selected 
strategy depends on nature of the biomass (e.g. wood, grasses, herbaceous), heavy metal 
contamination and fate of these metals during and after processing. A number of 
strategies can be adopted for final handling of the metal containing residues after 
processing: (i) stabilization and disposal, (ii) heavy metal recuperation, (iii) use as 
slagging substrate in non-ferro metallurgical industry, (iv) use as basis of mineral 
fertilizers (when accumulated heavy metals are essential nutrients, e.g. Cu, Zn, Ni). 
These are theoretical endpoints for contaminated biomass, requiring practical case-
specific validation in the future. 
 
6.11. Empirical modelling 
Empirical formulations could be developed, based on interrelationships between single 
extractions, physico-chemical soil characteristics, shoot accumulation in pot 
experiments and effective performance in the field. These formulations could allow for 
an early predictive assessment of expected field performance.  
 
6.12. Phytoextraction on other soil types 
The current study has focused on oxidized calcareous dredged sediment as potential 
substrate for phytoextraction. According to the current findings, the general 
applicability appears to be rather limited. However, the slightly acidic sandy soil with 
low metal concentrations described in Chapter 5 (A3) successfully induced plant 
accumulation. This and similar soil types therefore exhibit good potential for further 
research, with or without the use of soil amendments or alternative methods for 
enhancing shoot accumulation. 
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Samenvatting 
Het totale areaal aan verontreinigde bodems die sanering vereisen in Vlaanderen, wordt 
momenteel geraamd op ongeveer 36,100 ha of ca. 3.9% van de totale oppervlakte. Dit 
aandeel zal echter nog verder toenemen naarmate de inventarisatie van verontreinigde 
sites vordert daar momenteel slechts 25% van de potentieel verontreinigde bodems 
beoordeeld zin. Historische baggeractiviteiten hebben reeds aanleiding gegeven tot de 
verontreiniging van ongeveer 450 ha langsheen de Schelde en Leie. Ook andere types 
van  sedimentbodems, zoals deze die ontstaan door natuurlijke afzetting van sedimenten 
langsheen de oeverzones (slikken en schorren) en in overstromingsgebieden zijn in 
Vlaanderen aangerijkt met zware metalen. Naast deze historische bodemverontreiniging 
worden we geconfronteerd met een jaarlijkse aanvoer van verontreinigde sedimenten 
via onze waterlopen. Jaarlijks zetten er zich ongeveer 1.4 106 t droge stof sedimenten af 
op de waterbodems van onze rivieren die geruimd moeten worden. Aangezien slechts 
6% van deze waterbodems als niet gecontamineerd worden beschouwd, impliceert dit 
een aanzienlijke systematische aanvoer van verontreinigd materiaal. Naast deze 
jaarlijkse aanvoer is er bovendien ook een achterstand van baggeractiviteit met een 
omvang van 23.6 106 t droge stof. 
 
Fytoremediatie impliceert het gebruik van plantgebaseerde technieken voor remediatie 
van verontreinigde water-, bodem- en luchtverontreiniging. De gerichte verwijdering 
van anorganische contaminanten uit de bodem door wortelopname en translocatie naar 
bovengrondse oogstbare delen, wordt fyto-extractie genoemd. Als potentiële voordelen 
ten opzichte van conventionele civieltechnische methoden worden de goedkopere 
kostprijs, de toepasbaarheid op uitgestrekte arealen en het niet-invasieve karakter 
vermeld. Daarnaast wordt met deze techniek de, vanuit ecologisch standpunt, meest 
relevante fractie aan contaminanten uit de bodem verwijderd, met name de 
biobeschikbare fractie. Als belangrijkste nadeel wordt algemeen de lange vereiste 
tijdsduur vermeld. 
 
Deze studie evalueert het potentieel van fyto-extractie van zware metalen voor sanering 
van baggersedimenten die matig verontreinigd zijn met zware metalen. Dit substraat 
wordt doorgaans gekenmerkt door hoge gehaltes aan carbonaten, klei en organische 
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stof. Dit zijn bodemkarakteristieken die de plantbeschikbaarheid van aanwezige metalen 
beperken. Het gebruikte substraat kan derhalve beschouwd worden als een worst case 
scenario naar plantbeschikbaarheid toe. 
 
Enkelvoudige extracties kunnen waardevolle instrumenten opleveren in het inschatten 
van plantbeschikbare zware metalen in de bodem. Momenteel is er echter een wildgroei 
aan dergelijke procedures. In deze studie werden 13 veelgebruikte extracties beoordeeld 
op hun vermogen om metalen vrij te stellen in verschillende bodemtypes. Om de 
patronen in onderlinge verbanden te ontrafelen, werd er op basis van Pearson correlaties 
cluster-analyse uitgevoerd voor elk metaal afzonderlijk. Tenslotte werden de 
extraheerbare fracties met behulp van potproeven gekoppeld aan effectieve metaal 
opname door de plant. 
 
Voor de beoordeling van het potentieel van Salix spp. voor fytoremediatie op matig 
gecontamineerde baggerstortterreinen werd er een veldproef uitgevoerd op een 
baggerdeponie in Wervik (West-Vlaanderen). Wilgen werden aangeplant met de 
Salimat techniek. Hierbij worden tot matten gevlochten wilgenwissen uitgerold over het 
nog natte substraat. Door de wijze van sedimentintroductie in het baggerstort, zetten 
zware zandpartikels zich dichter af nabij de inlaat van het stort terwijl de lichtere 
kleipartikels en het organisch materiaal verder migreerden van de inlaat weg. Hierdoor 
ontstond er een duidelijk textuurgradiënt in het veld, die zich ook weerspiegelde in de 
ruimtelijke verdeling van de verontreinigingsgraad over het proefterrein. Totale 
gehalten aand Cd en Zn overschreden relevante Vlaamse normen. In overeenstemming 
met de zeer rijke voedingstoestand van het sediment werd gedurende het geobserveerde 
groeiseizoen een hoge biomassaproduktie van 13.2-17.8 t.ha-1.j-1 gehaald. In de 
veldproef werden tevens drie wilgenklonen onderling vergeleken op hun vermogen 
metalen te extraheren en accumuleren. In een potproef werden er nogmaals vijf 
wilgenclonen onderling vergeleken. Hierbij bleken Salix dasyclados ‘Loden’, Salix 
schwerinii ‘Christian’ en Salix fragilis ‘Belgisch Rood’ beloftevol voor de extractie van 
Cd en Zn. Geraamde potentiële jaarlijkse verwijdering uit de bouwvoor varieerde hierbij 
tussen 1.3-8 mg.kg-1 Zn en 0.02-0.2 mg.kg-1 voor Cd. Met deze performantie zou 42% 
van het terrein gesaneerd worden tot onder relevante normen in een periode van 11 jaar. 
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Het resterende gedeelte zou een aanzienlijk langere tijd in beslag nemen (83 jaar voor 
totale sanering). Een belangrijke voetnoot hierbij is dat een aanzienlijk deel van de 
opgenomen metalen zich in de bladeren bevinden, met 49% van het Cd en 62% van het 
Zn. Optimale fyto-extractie impliceert dus jaarlijkse oogst van de wilgenscheuten met 
inbegrip van de bladeren. De invloed van éénjarige rotatieperiodes op de 
biomassaproduktie dient echter nog te worden beoordeeld in lange-termijn 
experimenten. In korte omloop rotatiebosbouw worden immers rotatieperiodes van 3-5 
jaar vooropgesteld. Ook de invloed van het oogsten van de wilgen gedurende het 
groeiseizoen i.p.v. in de winter dient aan het nodige onderzoek te worden onderworpen. 
Een aantal auteurs meldden geen nefast effect op de biomassaproduktie bij jaarlijks 
oogst met inbegrip van de bladeren.  
 
Om de fyto-extractie procedure te versnellen wordt er in de literatuur het gebruik van 
stimulerende bodembehandelingen voorgesteld, zoals het gebruik van 
ethyleendiaminetetracetaat (EDTA). Hierbij wordt er beoogd om de metalen vanuit de 
bodemmatrix door chelatie vrij te stellen naar de bodemoplossing om aldus hun 
beschikbaarheid voor plantopname te verhogen. Het gebruik van EDTA is echter 
controversieel in deze context, gezien zijn geringe biodegradeerbaarheid en bijgevolg 
zijn hoge persistentie in het milieu. De combinatie van hoge affiniteit voor 
metaalmobilizatie met hoge ecologische persistentie verhoogt het risico op verspreiding 
van bodemverontreiniging door uitloging. De techniek kan dan ook enkel overwogen 
worden voor amendementen die met een korte verblijftijd metalen meer 
plantbeschikbaar maken in de rhizosfeer.   
 
Bij de vergelijking van mogelijke bodemamendementen met EDTA werd er aandacht 
besteed aan citroenzuur en EDDS. Planten maken zelf gebruik van organische zuren 
zoals citroenzuur voor het verhogen van de plantbeschikbaarheid van micronutriënten 
zoals Zn, Cu en Fe in de bodem. EDDS is een natuurlijk voorkomende chelator met 
vergelijkbare capaciteit als EDTA tot het cheleren van zware metalen. Zowel 
citroenzuur als EDDS breken snel af in de bodem. De mobilizatie van zware metalen na 
toevoeging van citroenzuur, EDDS en EDTA werd opgevolgd in de tijd. De drie 
additieven slaagden in aanzienlijke initiële mobilizatie van zware metalen in de 
Samenvatting 
 296 
bodemoplossing. Mobilizatie door EDTA bleek niet te dalen overheen de evaluatie 
periodes (28-40 dagen), wat duidt op de sterke persistentie van dit produkt. Om met 
citroenzuur een beduidende mobilizatie van metalen te bekomen waren zeer hoge 
dosissen nodig, omwille van de noodzaak om de aanwezige carbonaten te neutraliseren. 
Dit beperkt het potentieel van citroenzuur, en vermoedelijk ook van andere organische 
zuren, als additief voor fyto-extractie op kalkrijke gronden. Met EDDS werden er ook 
bij lage dosissen sterk verhoogde metaalconcentraties bekomen in de bodemoplossing. 
Dit effect daalde snel, in tegenstelling tot de EDTA-behandelde bodems. Waargenomen 
halfwaardetijden van de metaalmobilizatie met EDDS bedroegen ongeveer 5 dagen. 
Onder minder optimale omstandigheden, zoals deze die optraden na het toedienen van 
hoge dosissen of bij gelimiteerde bodem aeratie bleek de mobilizatie persistenter te zijn. 
Het gebruik van additieven voor gestimuleerde fyto-extractie dient dan ook gepaard te 
gaan met de nodige zorg tijdens en na de behandeling om uitloging te voorkomen. 
 
Vier agronomische gewassen, Helianthus annuus, Zea mays, Brassica rapa en 
Cannabis sativa, werden in potproeven geëvalueerd met of zonder toevoeging van 
EDTA of EDDS. Zonder bijkomende bodembehandeling kwamen geen van deze 
soorten in aanmerking voor efficiënte fyto-extractie. Toevoeging van EDTA en EDDS 
resulteerde in significante stijgingen van metaalgehaltes in bovengrondse delen. 
Voornamelijk opname van Cu en Ni werd gestimuleerd door behandeling met EDDS. 
Het effect van EDDS dient te worden gevalideerd in een ruimere experimentele opzet 
met meerdere bodemtypes en plantensoorten.  
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